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Abstract

The study of the natural abundance of stable isotopes of hydrogen (H) in organic matter
has contributed new insights to ecology, forensic sciences, and paleoclimatology. Previous
studies have shown that the 2H/1H isotope ratio (§2H) of nonexchangeable H (§?H,) of bulk soil
and demineralized soil organic matter is related to the §%H value of local precipitation. Up to
now, methodological difficulties with the removal of exchangeable H in the soil clay fraction
have complicated the establishment of a similar relationship between the §2H, values of soil clay
fractions and the §2H value of local precipitation.

The overall goal of my work is to determine the §°H, values of soil clay fractions by
separating exchangeable and nonexchangeable H with steam equilibration and investigate their
drivers. For this purpose, (1) I adapted the steam equilibration method previously used for bulk
soil and demineralized soil organic matter to determine §?H, values. This was required to test
the influence of the classical separation method for clay fractions, including the removal of
dithionite-soluble iron, organic matter, carbonates and salts, on the 8%H, values of clay minerals.
Subsequently, (2) I investigated whether there is a global correlation between the §%H values of
local precipitation and the §*H, values of clay fractions. The steam equilibration approach
requires the equilibrium fractionation factor between the H of the steam and the exchangeable H
of the sample (ttex-w), Which is unknown. Therefore, (3) I developed an experimental method to
determine sample-specific atex.w Values.

[ used the clay minerals kaolinite, illite, montmorillonite, and vermiculite and topsoil
samples from 24 locations on five continents. All samples underwent a separation of the clay
fraction. The 6°H, values were determined by steam equilibration and Pyrolysis-Elemental
Analyzer-Isotope Ratio Mass Spectrometry. Moreover, the topsoil samples were chemically
characterized including H, Corg, N, Na, Mg, Al, K, Ca, Fe and Feq concentrations and the potential
cation-exchange capacity.

The classic clay separation method did not significantly change the §?H, values of five
different clay minerals. The §°H, values of the clay fractions from various regions of the world
ranged from -167 + 1 %o for a northern Siberian sample to -44 *+ 4 %o in western Kenia for
Oex-w = 1 and from -191 + 3 to -81 + 4 %o for dex-w = 1.08. The §%H values of local annual
precipitation correlated significantly with the 8§°H, values of the clay fractions (r = 0.88 for
Qex-w = 1 and 0.65 for aex-w = 1.08, p < 0.001). A multiple regression model including hillslope as a
possible measure of allochthonous clay accumulation in addition to the §%H values of seasonal
precipitation explained 86 % and 89 % of the observed variation in §2H values of the clay
fractions for aex-w = 1 and 1.08, respectively. The aexw values of seven clay minerals ranged from
1.071 to 1.140 and of 19 topsoil clay fractions from 0.885 to 1.216. The aex.w determination
method did not work for kaolinite, likely because of its small exchangeable H concentration. The
Oex-w Value of the topsoil clay fractions correlated with the soil clay content (r = 0.63, p = 0.004),
local mean annual temperature (r = 0.68, p = 0.001) and the §2H values of local precipitation
(r=0.72, p < 0.001) mainly reflecting the different clay mineralogy under different climatic
weathering regimes.

My results demonstrate that the §°H, values of the bulk topsoil can be described as a
mixture of isotopically heavier soil organic matter H and isotopically lighter clay fraction H. The
8%H,, values of clay fractions in soil are driven by the §2H values of local precipitation,
independent of the assigned acx-w value, but are influenced by the dominant clay mineral type.
When climate-affected mineralogy is taken into account, unknown soil samples can be assigned
to the globally varying §2H precipitation signal. The proposed oey.w determination method can be
used to reduce the uncertainty of steam equilibration for determining the §*H, values of
hygroscopic samples.



Zusammenfassung

Die Untersuchung der natiirlichen Haufigkeit von stabilen Isotopen des Wasserstoffs (H)
in organischen Substanzen hat neue Erkenntnisse fiir die 6kologische Forschung, die forensi-
schen Wissenschaften und die Paldoklimatologie hervorgebracht. Friihere Studien haben ge-
zeigt, dass das 2H/'H-Isotopenverhiltnis (§°H) von nicht-austauschbarem H (6°H,) des Bodens
und der demineralisierten organischen Bodensubstanz mit dem §*H-Wert des lokalen Nieder-
schlags in Zusammenhang steht. Bisher haben methodische Schwierigkeiten bei der Entfernung
von austauschbarem H in der Tonfraktion des Bodens die Untersuchung einer dhnlichen Bezie-
hung zwischen den §°H,-Werten der Tonfraktionen des Bodens und dem 8§*H-Wert des lokalen
Niederschlags erschwert.

Das libergeordnete Ziel meiner Arbeit besteht darin, die 8%H,-Werte von Tonfraktionen im
Boden durch die Trennung von austauschbarem und nicht-austauschbarem H mittels
Dampfaquilibrierung zu bestimmen und deren Einflussfaktoren zu untersuchen. Zu diesem
Zweck habe ich (1) die Dampfaquilibrierungsmethode angepasst. Dies war erforderlich, um den
Einfluss der klassischen Behandlung zur Separation von Tonfraktionen, einschliefilich der Ent-
fernung von dithionitloslichem Eisen, organischer Substanz, Karbonaten und Salzen, auf die
8*H,-Werte von Tonmineralen zu testen. AnschlieRend habe ich (2) untersucht, ob es eine glo-
bale Korrelation zwischen den §2H-Werten des lokalen Niederschlags und den §*H,-Werten von
Oberbodentonfraktionen gibt. Der Ansatz der Dampfaquilibrierung erfordert den Gleichge-
wichtsfraktionsfaktor zwischen dem H des Dampfes und dem austauschbaren H der Probe
(0ex-w), der nicht bekannt ist. Daher habe ich (3) eine experimentelle Methode zur Bestimmung
der probenspezifischen a.x-w-Werte entwickelt.

Ich verwendete die Tonminerale Kaolinit, Illit, Montmorillonit und Vermiculit sowie
Oberbodenproben von 24 Standorten auf fiinf Kontinenten. Bei allen Proben wurden die Ton-
fraktionen separiert. Die §2H,-Werte wurden mittels Dampfiquilibrierung und Pyrolyse-Ele-
mentaranalysator-Isotopenverhaltnis-Massenspektrometrie bestimmt. Dariiber hinaus wurden
die Oberbodenproben chemisch charakterisiert, einschlief2lich der Konzentrationen von H, Corg,
N, Na, Mg, Al, K, Ca, Fe und Feq sowie der potenziellen Kationenaustauschkapazitat.

Die klassische Tonseparierung verianderte die §°H,-Werte von fiinf verschiedenen Tonmi-
neralien nicht wesentlich. Die §°H,-Werte der Tonfraktionen aus verschiedenen Regionen der
Welt reichten von -167 1% fiir eine nordsibirische Probe bis -44+4%o in Westkenia fiir
Oex-w=1 und von -191 %3 bis -81+4 %o fiir aex.w=1,08. Die §?°H-Werte des lokalen Jahresnieder-
schlags korrelierten signifikant mit den §°H,-Werten der Tonfraktionen (r=0,88 fiir ctex-w=1 und
0,65 fiir aex-w=1,08, p<0,001). Ein multiples Regressionsmodell, das zusatzlich zu den 8?H-Wer-
ten des saisonalen Niederschlags auch die Hangneigung als mogliches Maf fiir die allochthone
Tonakkumulation einbezog, erklirte 86% und 89% der beobachteten Variation der §°H-Werte
der Tonfraktionen fiir dex.w=1 bzw. 1,08. Die aex.w-Werte von sieben Tonmineralen reichten von
1,071 bis 1,140 und von 19 Oberbodentonfraktionen von 0,885 bis 1,216. Die aex.w-Bestim-
mungsmethode funktionierte nicht fiir Kaolinit, wahrscheinlich wegen seines geringen aus-
tauschbarem H-Gehalts. Der oex-w-Wert der Oberbodentonfraktionen korrelierte mit dem Ton-
gehalt des Bodens (r=0,63, p=0,004), der lokalen Jahresmitteltemperatur (r=0,68, p=0,001) und
den 8*H-Werten des lokalen Niederschlags (r=0,72, p<0,001), was die unterschiedliche Tonmi-
neralogie unter verschiedenen klimatischen Verwitterungsregimen widerspiegelt.

Meine Ergebnisse zeigen, dass die §2H,-Werte des Oberbodens als eine Mischung aus iso-
topisch schwereren H der organischen Bodensubstanz und isotopisch leichteren H der Tonfrak-
tionen beschrieben werden kénnen. Die §°H,-Werte der Tonfraktionen im Boden werden von
den 8°H-Werten der lokalen Niederschlige beeinflusst. Wenn die klimatisch beeinflusste Mine-
ralogie beriicksichtigt wird, kénnen unbekannte Bodenproben dem global variierenden §*H Nie-
derschlagswerten zugeordnet werden. Die vorgeschlagene a.x.w-Bestimmungsmethode kann
verwendet werden, um die Unsicherheit der Dampfiquilibrierung zur Bestimmung der §*H,-
Werte von hygroskopischen Proben zu verringern.
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Figure 3.5: Relationship between the §2H values of local mean annual (a, c) or seasonal (b,
d) precipitation (§°H,) and the §2H, values of soil clay fractions for an
equilibrium fractionation factor between water-H (in the steam) and

exchangeable H (ttex-w) 0f 1 (2, b) and 1.08 (€, d)..ccomermernmmrnmmenersssrssssssesssssssssssssssssssssanes

Figure 3.51: Relationship between the §2H values of mean annual local meteoric water
(8%H,) and the 8*H, values of soil clay fractions for an equilibrium fractionation
factor between water-H (in the steam) and exchangeable H (aexw) 0of 1 (a) and
1.08 (b). 82Hp, annual is from the Regionalized Cluster-Based Water Isotope
Prediction model (RCWIP2) of Terzer-Wassmuth et al. (2021)

Figure 4.1: Temperature and pressure conditions during equilibration of soil clay fractions
and clay minerals with water vapor of known H-isotopic composition. A, the
drying phase before equilibration; B, the equilibration phase; C and D, two

stages of the drying PRASE. ... ese et e bbb

Figure 4.2: Regression lines of the total 62H values of the mineral samples and clay fraction
(62H¢) on the 62H values of different equilibration waters (62Hy,) of selected

samples after weaker (“w”), medium (“m”) and stronger (“s”) drying. .......oeeenn.

Figure 4.3: Relationship between the §2H values of mean annual local precipitation
(8%Hp, annuat; taken from Bowens®¢) and the specific aex-w values of the soil clay
fractions. The soil clay fractions are grouped based on the potential cation-
exchange capacity (CECpo)

Figure 4.4: Relationship between A, the clay content of bulk soil samples and B, the mean
annual temperature at the sampling location and the a.xw values of the soil clay
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’H
AWI-TD1
BCR-2
CEC
CF-IRMS
CI

Corg

DCB
DFG

DOI

e.g.

EC

Eq.

FAO

Feq

GISP
GNIP
HTC

i.e.

[AEA

[AEA-604

IAEA-CH7

ICP-MS
ICP-OES
ID

IMt-2
IRMS
IUSS
KGa-2
MAP
MAT

Deuterium

Deuterium depleted water from the Alfred-Wegener-Institute
Basalt, Columbia River, reference material distributed by USGS
Cation-exchange capacity

Continous flow isotope ratio mass spectrometer

Confidence intervall

Organic carbon

Dithionite-citrate-bicarbonate method of Mehra and Jackson (1958)
Deutsche Forschungsgemeinschaft

Digital Object Identifier

For example, from Latin exempli gratia

Electrical conductivity

Equation

Food and Agricultural Organization of the United Nations
Dithionite-soluble iron

Greenland Ice Sheet Precipitation (water)

Global Network of Isotopes in Precipitation

High temperature convertion (pyrolysis)

That is, from Latin id est

International Atomic Energy Agency

Water reference enriched in 6*H distributed by the International
Atomic Energy Agency

Polyethylene reference material of the International Atomic Energy
Agency

Inductively-coupled plasma mass spectrometry
Inductively-coupled plasma atomic emission spectroscopy
Inner diameter

[llite distributed by the Clay Mineral Society (USA)

[sotope ratio mass spectrometer

International Union of Soil Sciences

Kaolinite distributed by the Clay Mineral Society (USA)
Mean annual precipitation

Mean annual temperature
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OIPC

p.a.
PE

PET
PTFE
RSD
SCa-3
SD

SE
SLAP
SOM

SWy-3
TFM
USGS
VSMOW

WMO
WRB

Xe
Oex-w
8180
8%H
8?Hex
8%Hn
8Hp

Not available or not applicable

Not determined

Online Isotopes in Precipitation Calculator (OIPC, version 3.1; Bowen,
2022; Bowen & Revenaugh, 2003)

Pro analysi quality

Polyethylene

Annual average potential evapotranspiration for a reference crop
Polytetrafluoroethylene

Relative standard deviations

Mg-rich montmorillonite distributed by the Clay Mineral Society (USA)
Standard deviation

Standard error

Standard Light Antarctic Precipitation (Water)

Soil organic matter

Na-saturated montmorillonite distributed by the Clay Mineral Society
(USA)

PTFE modified with perfluorpropylvinylether
United States Geological Survey

Vienna Standard Mean Ocean Water

World Meteorological Organization

World Reference Base for Soil Resources

Proportion of isotopically exchangeable hydrogen

Equilibrium fractionation factor between exchangeable H of the sam-
ple and steam H

Stable oxygen isotope ratio

Stable hydrogen isotope ratio

Stable isotope ratio of exchangeable hydrogen
Stable isotope ratio of nonexchangeable hydrogen

Stable hydrogen isotope ratio of precipitation
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1 Summarizing overview



1.1 Introduction

The global water cycle distributes hydrogen isotopes unevenly. Since the 1960s,
the Global Network of Isotopes in Precipitation surveys this distribution (IAEA/WMO,
2022), and many studies have modeled the long-term distribution of hydrogen isotopes
on earth (Araguds-Araguas et al,, 2000; Bowen & Revenaugh, 2003; Dansgaard, 1964;
Jouzel et al,, 1987; Terzer-Wassmuth et al.,, 2021). The local precipitation signal is
reflected by the stable H isotope ratios of the nonexchangeable pool of hydrogen (6°Hn)
in organic matter (Bowen, Chesson, et al,, 2005; Ruppenthal et al,, 2015; Wassenaar &
Hobson, 1998; Werner et al., 2016). By determining their §2Hn, many organic substances
like collagen, keratin, cellulose or microbial tissue can be traced to their origin in the
hydrogen isoscape of precipitation (West et al., 2010). When complex hygroscopic
materials like soil and clay minerals are studied, the measurement of the 62H values can
be influenced by unwanted exchange of H with ambient atmospheric water vapor during
sample preparation. The quickly exchanging H can blur the stable H isotope signal of the
nonexchangeable H pool (Bauer & Vennemann, 2014; Gilg et al.,, 2004; Kanik et al., 2022;
VanDeVelde & Bowen, 2013). Steam equilibration avoids this problem by a controlled H
exchange, permitting to determine stable isotope ratios of structural H in clay minerals
and soil clay fractions, which cannot easily be exchanged with water (62Hn values) and
reflect that of ambient soil water at the time of mineral formation (Gilg & Sheppard,
1996; Lawrence & Taylor, 1972; Savin & Epstein, 1970a). The §2Hx values of structural H
in minerals might bear geographic information similar to those of soil organic matter
(SOM; Ruppenthal et al,, 2015). This is attributed to the fact that the H-isotopic
composition of soil water is related to that of local precipitation and is influenced by
evapotranspiration in the soil-plant system, both of which vary with location (Bowen,
2022; Sprenger et al., 2016).

To reliably determine 82Hn values of structural H in clay minerals requires the
removal of the influence of exchangeable H. The exchangeable H in clay minerals
comprises adsorbed and interlayer water, which quickly equilibrates with ambient
water and thus does not bear a stable isotopic signal (Bauer & Vennemann, 2014). The
current state-of-the-art methods for continuous flow isotope ratio mass spectrometry
(CF-IRMS) remove the exchangeable H at varying temperatures ranging between 100 °C

and 250 °C in vacuum (Bauer & Vennemann, 2014; Gilg et al., 2004; VanDeVelde &
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Bowen, 2013). Because different clay minerals require different temperatures for the
removal of exchangeable H (Gilg et al.,, 2004), the currently applied methods cannot
guarantee to always remove the entire exchangeable H pool in clay minerals or clay
fractions. Another methodological challenge originates from the fact that after vacuum
drying, a hygroscopic sample quickly attracts atmospheric water. This reintroduces
exchangeable H, which must be prevented (Bauer & Vennemann, 2014; Bowen, Chesson,
etal, 2005; VanDeVelde & Bowen, 2013).

An alternative to the vacuum extraction methods is provided by steam
equilibration. After equilibrating the same clay mineral or fraction sample with several
waters of different H-isotopic composition (§°Hw), a mass balance calculation allows for
the quantification of the contribution of exchangeable H to the total H pool (xe) and of
the 8?Hn values, but requires the knowledge of the equilibrium fractionation factor
(aex-w) between exchangeable H of the sample and equilibration water (Schimmelmann,
1991). However, such methods have up to now mostly been applied to determine
nonexchangeable H in organic matter (Bowen, Chesson, et al., 2005; Epstein et al., 1976;
Hobson et al,, 2012; Kelly et al., 2009; Qi & Coplen, 2011; Ruppenthal et al,, 2013, 2015;
Schimmelmann, 1991; Schimmelmann et al,, 2020; Soto et al,, 2017; Wassenaar &
Hobson, 2000, 2003) and bulk soil (Ruppenthal et al., 2010). The only study I know of, in
which steam equilibration was applied to a clay mineral is that of Hsieh and Yapp
(1999), who determined the §*Hx value of halloysite. However, steam equilibration was
not further developed to a standard method for clay minerals (Gilg et al., 2004) or soil
clay fractions.

To measure the 62H value of nonexchangeable H in soil clay fractions requires the
separation of this fraction. To reach a full dispersion of the soil particles, Fe oxides,
carbonates and SOM must be removed, using chemicals that might attack hydroxyl
groups and thus have an effect on the 62Hn values of clay fractions. The removal of iron
oxides by the dithionite-citrate-bicarbonate (DCB) method of Mehra and Jackson (1958)
and carbonates by acetic acid was shown to not affect the 62H values of hydrous
minerals (Gilg et al., 2004). The commonly used removal method for SOM by oxidation
with hydrogen peroxide (H202) can change 8§*H values of some clay minerals, e.g.,
montmorillonite (Hyeong & Capuano, 2000). Similarly, the alternative treatment with
disodium peroxodisulphate (Na20sSz) showed a strong positive shift of the §*H values

after the treatment of a montmorillonite sample (Menegatti et al., 1999). However,
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Hyeong and Capuano (2000) and Menegatti et al. (1999) did not test the possibility that
the apparent change in §°H values after treatment with Hz202 or Na20sSz was related
with an unaccounted remoistening of the hygroscopic samples. I suggest that
remoistening must be ruled out, before these two chemicals are defined as
inappropriate for the purpose of determining §*Hx values of soil clay fractions.
Moreover, both SOM oxidation methods may not remove SOM exhaustively so that the
measured 8§Hx values of clay fractions need to be corrected for the §*Hx values of the
remaining SOM.

Ruppenthal et al. (2010) found a correlation between the §?H values of local mean
annual precipitation and the §°Hx values of a global set of bulk soil samples, which was
less close than that with the §*Hn values of demineralized SOM (Ruppenthal, 2014;
Ruppenthal et al., 2015). This finding suggested that the §2Hn values of mineral
components of the soil had generally a less close relationship with the §*H values of
precipitation than SOM or that different minerals showed different relationships
resulting in scatter introduced by different mineral compositions. In addition, different
ratios of the concentrations of C-bonded, nonexchangeable organic H to those of
mineral-bound nonexchangeable H could also have contributed to the less close
relationship. In soils which are frozen for a longer time chemical weathering and thus
clay mineral formation might be largely restricted to the nonfrozen period, because
mineral formation depends on temperature and the availability of liquid water (Folkoff
& Meentemeyer, 1985; Maher, 2010, 2011; Richards & Kump, 2003). Below the freezing
point, chemical weathering occurs at a slow rate (P. W. Borden et al., 2010; Chuvilin et
al,, 1998; Lessovaia et al.,, 2021). Thus, when assessing the relationship between 8%H
values of precipitation and 8§*Hn values of soil clay fractions including periglacial soils,
the seasonal §?H values of precipitation could be more important than the annual ones.

For samples with a high proportion of exchangeable H, §2Hx values calculated
based on steam equilibration respond sensitively to variations in the aex-w value, because
the aex-w value influences both slope and intercept of the regression line of §2H: values of
the studied sample on 62Hw values (Eq. 1.1; Feng et al., 1993; Hsieh & Yapp, 1999;
Ruppenthal et al., 2010; Sessions & Hayes, 2005; Wassenaar & Hobson, 2000). Thus, the
measurement of accurate §“Hy values by steam equilibration requires the knowledge of
a sample-specific aex-w value, particularly if the sample consists of an unknown mixture

of different minerals. To the best of my knowledge, there is no established method to
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determine aex-w for complex mixtures of compounds commonly occurring in soil and
plants in the temperature range used for steam equilibration (ca. 110-130°C). However,
some studies determined oex-w for cellulose by reducing the exchangeable H fraction via
addition of nitro groups (Chesson et al., 2009; Feng et al., 1993; Filot et al., 2006;
Grinsted & Wilson, 1979; Schimmelmann, 1991). From the intersection of the two
resulting regression lines of the §°H value of total H on those of the waters used for
steam equilibration for the original cellulose and the nitrated cellulose, respectively,
Schimmelmann (1991) calculated an aex-w value of 1.08. This aex-w value has been widely
used to determine §?Hn values of various organic compounds, plants, SOM and bulk soil
by steam equilibration (Hobson et al., 1999; Ruppenthal et al., 2010, 2013, 2015; Sauer
etal.,, 2009; Schimmelmann et al., 1999; Soto et al., 2017; Wassenaar & Hobson, 2000,
2003). Other studies that applied an equilibration method to organic materials and clay
minerals neglected equilibrium fractionation between exchangeable H in the studied
material and ambient water vapor-H thus assuming an oex-w value of 1 (Bowen, Chesson,
etal., 2005; Chesson et al., 2009; Hsieh & Yapp, 1999; Qi & Coplen, 2011). Based on the
same principle of a reduction of the exchangeable H pool, but using for hygroscopic
samples substantially different drying conditions after identical steam equilibration, the
determination of aex-w values should be possible.

The inclusion of clay and mica reference materials used in several studies that
applied conventional §*H analysis with vacuum drying (Bauer & Vennemann, 2014;
Fagan, 2001; Kanik et al., 2022; Menegatti et al., 1999; Qi et al,, 2017; VanDeVelde &
Bowen, 2013) allows for the comparison of the reported §?H values with my
nonexchangeable 6°H values obtained by steam equilibration. Differences between both
methods is expected to be noticeable, because a hygroscopic sample quickly attracts
atmospheric water after vacuum drying and thus reintroducing exchangeable H, which
has been found to be problematic in previous studies (Bauer & Vennemann, 2014;

Bowen et al., 2005; VanDeVelde & Bowen, 2013).

The following research questions were addressed in my thesis:

1) Isitpossible to determine the nonexchangeable hydrogen isotope ratios (6*Hn
values) of clay fractions? This requires that (a) [ can adapt a steam equilibration
method for clay minerals and soil clay fractions. Furthermore, (b) the traditional

treatment of soil samples (with the extraction of iron oxides, the removal of



1.2 MATERIAL AND METHODS

carbonates and SOM and the separation of the clay fraction) must not alter the
isotopic composition of the nonexchangeable H pool of clay minerals (Chapter 2).

2) How do the modeled §H values of local precipitation (6°Hp) relate with the §2Hx
values of soil clay fractions (Chapter 3)?

3) Can the manipulation of the exchangeable H pool size (xe) via differently intensive
drying be used to determine sample-specific aex-w values for individual clay
minerals and soil clay fractions? Moreover, I tested the hypothesis that the oex-w
and thus 8*Hn values of soil clay fractions are influenced by their climate-driven
mineralogical composition (Chapter 4).

4) Are the nonexchangeable §%H values of clay minerals comparable with
conventional §H measurements when similar drying of clay minerals is used

(Chapter 1)?

1.2 Material and methods

1.2.1 Samples

[ used kaolinite (KGa-2), dioctahedral illite (IMt-2), Na-saturated montmorillonite
(SWy-3) and Mg-rich trioctahedral montmorillonite (SCa-3) distributed by the Clay
Mineral Society (Chantilly, VA, USA) and a trioctahedral vermiculite (contributed by
Stefan Dultz, Hannover, Germany) as clay mineral reference materials (Table 2.1)
(Chapters 2, 4). SCa-3 and IMt-2 were delivered as brittle rock chips with a
macroscopically visible heterogeneity in grain sizes and colors. SWy-3 and KGa-2 were
delivered as fine-grained powders. The standards are described by the baseline studies
of the Clay Minerals Society Source Clays (D. Borden & Giese, 2001; Chipera & Bish,
2001; A. U. Dogan et al., 2006; M. Dogan et al., 2007; Guggenheim & Van Groos, 2001;
Kogel & Lewis, 2001; Mermut et al., 2001) and by Hower and Mowatt (1966) for IMt-2.
The trioctahedral vermiculite was characterized by Dultz et al. (2005), Bors et al. (1997)
and Steudel et al. (2008; 2009). Furthermore, I included USGS57 biotite and USGS58
muscovite described by Qi et al. (2017) (Chapters 2, 4) and microcrystalline cellulose
(A17730 Alfa Aesar, Ward Hill, MA, USA) (Chapter 4).

[used 30 (Chapter 3) and 22 (Chapter 4) topsoil samples from nine countries on
five continents that cover a wide range of topographical elevations and latitudes and

thus modeled 6%H values of local precipitation (Table 3.1 and Figure 3.1). All samples
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were taken from the upper mineral horizon, mostly from the first 10 cm, and stored dark

and dry for 1-28 years.

1.2.2 Clay separation

[ sieved air-dried A-horizon samples to < 2 mm when necessary and gently ground
the clay standards IMt-2 and SCa-3 with a hand mortar to this size.

The following treatment steps and their sequence were chosen according to
recommendations of Gilg et al. (2004) and VanDeVelde and Bowen (2013). I treated the
clay mineral standards and the topsoil samples during the clay separation process in the
same manner, using the residual sediment of each step for the subsequent step,
respectively (Figure 2.1) (Chapters 2-4).

[ used the clay separation, steam equilibration and isotope ratio mass
spectrometry (IRMS) methods (Chapters 2-4) that are described in detail in Chapter 2.
In short, after sieving the air-dry soil to <2 mm I removed Fe oxides with the dithionite-
citrate-buffer (DCB) method of Mehra and Jackson (1958). To remove carbonates, [ used
a Na-acetate acetic acid buffer adjusted to pH 4.8. To remove organic matter, [ added
H20:2 in a water bath at 50 °C. After each sample treatment, [ removed water-soluble
salts by washing with deionized water and measured electrical conductivity (EC).
Washing was repeated until the EC of the supernatants had reached <400 pS/cm. |
determined the grain sizes by pipet analysis according to DIN ISO 11277 (2002), but
instead of a dispersion agent I used water with a pH of ~ 7.5. In this water, | separated
the grain sizes by a repeated sedimentation in 2-L cylinders. Clay fractions were
precipitated with MgCl2. A H202 treatment of the precipitate reduced the organic matter
concentration in the clay fractions further. After final washings until the EC of the
supernatant had reached < 100 puS/cm, the clay fractions were dried at 60 °C and
pulverized. This comparatively fast separation leaves residues of the clay in the silt
separates, which I named therefore ‘<silt’.

The entire clay separation procedure took 10 to 12 weeks and up to 12 samples
could be simultaneously processed (Chapters 2, 3). The procedure was repeated three
times for all samples in separate batches to yield three independent replicates of all clay
fractions (Chapter 2). After the treatment, the interlayers of all swellable clay minerals

should be mostly Na saturated.
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The 30 samples were distributed among four treatment batches (Chapter 3; two
additional batches to the two batches also used for Chapter 2). As quality check, I
included sample SK-Oso in each treatment batch, which resulted in relative standard
deviations (RSD) of 2 % for each particle-size fraction and the concentrations of
pedogenic Fe oxides. The RSD of the C concentration amounted to 6 %, those of N and H
to 4 % and that of the potential cation-exchange capacity (CEC) to 5 %. As a measure for
the spatial heterogeneity of soils with the same modeled 8§*H values of rainfall, I
analyzed three samples from northern, central and southern Argentina (AR-2, AR-10,
AR-19) in triplicate (-A, -B and -C), collected in the field with approximately 100 m
distance from each other (Ruppenthal et al.,, 2015, Table 3.1). The triplicates were
treated in separate batches (Chapter 3). [ measured all treatment batches in

independent equilibrations and IRMS sequences (Chapter 3).

1.2.3 Chemical sample properties

The C concentrations were measured with an Elemental Analyzer (Flash 2000
HTC, Thermo Fisher, Waltham, MA, USA and EuroVector 3000, EuroVector, Pavia, Italy)
(Chapters 2-4).

The pH was determined with a glass electrode (SenTix® 81 on ph 3310, WTW,
Weilheim, Germany) in a deionized water suspension at a soil:water ratio of 1:2.5 (v/v)
(Chapters 2-4).

The potential cation-exchange capacity (CEC) of the clay fractions was determined
with the Cu(Il)-triethylentetramine method (Ammann et al., 2005; Meier & Kahr, 1999),
using additionally a phosphate puffer (pH =7.0) and 24 h shaking time (Stanjek &
Kiinkel, 2016; Steudel et al., 2009). The potential CEC was referred to oven-dry soil (24 h
at 105 °C) (Chapters 2-4).

To determine the elemental concentration of Na, Mg, Al, K, Ca and Fe (Chapter 3), I
weighed 0.1 g of the clay fractions in pressure vessels, added 2 mL HNO3 (69 %
suprapur), 0.5 mL H202 (30 %, suprapur) and 1.5 mL HF (48 %, suprapur). The samples
were digested in a microwave oven (MARS XPress, CEM, Matthews, NC, USA). After
cooling, [ added of 10 mL 5% H3BOs3 to mask residual HF in the microwave oven.
Afterwards, the solutions were transferred into a volumetric flask and made up to 50 mL
with ultrapure water. An aliquot of 100 pL was diluted with 1% HNOs3 solution to 10 mL
for the ICP-MS (Agilent 7900, Santa Clara, CA, USA) and ICP-OES (Agilent 5100)
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measurements. The accuracy of concentration measurements was checked by repeated
analysis of the reference materials BCR-2 (Basalt, Columbia River, USGS, Denver, CO,
USA) in each digestion batch (n = 2). The recovery of BCR-2 deviated less than 10 %
from the certified elemental value for the investigated elements, and was therefore
accepted. The relative standard deviation (RSD) of BCR-2 was 4 % for Na, 1 % for Mg, Al,
K and Ca and 3 % for Fe (Chapter 3).

1.2.4 Steam equilibration

[ modified the equilibration device of Ruppenthal et al. (Figure 2.2). I replaced the
liquid nitrogen trap by a membrane pump to remove water vapor, which could corrode
the rotary vane pump and I added a glove bag, which was filled with argon to allow for a
fast gas-tight sealing of the tin capsules without contact to ambient air. In comparison to
the method of Ruppenthal et al. (2013), I prolonged the pre- and post-equilibration
drying phase during permanent evacuation, which requires a stainless steel tubing

inside the oven (Chapters 2-4).

Figure 1.1: The steam equilibration apparatus.

The optimum equilibration time was determined experimentally for two soil
samples (DE-KAZ2, SK-0Oso, Figure 2.3) and the clay reference materials following a

suggestion of Wassenaar and Hobson (2000). After evacuating the stainless-steel vessel
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(~ 10 L) for two hours inside a fan-assisted heating oven at 120 °C, I injected 4 mL of
equilibration water with a §*H value of 335 %o through a high temperature septum.
Within 0.25, 1, 4, 16 and 64 h (Chapter 2) at the same temperature, hydrogen from the
steam equilibrated with the exchangeable H fraction of the samples. This was followed
by 15 min of vacuum drying with a diaphragm pump and 45 min with a rotary vane
pump, both at 120 °C, further followed by a 2-h cooling phase at room temperature
under continuous evacuation (< 1 Pa), which I called “medium” drying intensity
(Chapters 2-4). [ transferred the vacuum chamber into a glove bag and flushed twice
with dried Ar for a moisture-free atmosphere. To depressurize the vessel to ambient air
pressure, | flooded the vessel with dried Ar at ~1.3 bar. While the Ar continuously
flowed into the vessel, [ opened the vessel and directly closed the tin capsules with a
filed and extended concretor’s nippler inside the vessel. This was done in a way that the
tin of the smooth-walled capsules was not cut-off but compressed to a gas-tight seal (Qi
et al.,, 2010) applying the same force for all capsules. The procedure was necessary to
avoid even the slightest contact of the sample with ambient air moisture, which is a
prerequisite for the correct determination of the H concentrations and 6%H values
(Chapter 4).

For further equilibrations, I chose an equilibration time of 16 h (Figure 2.3)
(Chapters 2-4). I placed a maximum of 80 samples each with an analyte mass of 1-2 mg
(2-3.5 mg for biotite and muscovite) in the equilibration vessel. To test whether there
was an effect of remoistening of the samples after the different drying procedures on
their §*H; values, I included untreated SCa-3 montmorillonite considered as particularly
hygroscopic in each equilibration batch. I closed the tin capsules with SCa-3
montmorillonite in triplicate before and again in triplicate after all other samples and
found on average only a small difference of 2.2 * standard deviation (SD) 2.0 %o,
because of diffusing moisture during the sealing process of the samples at the end of the
equilibration. For quality control, [ included KGa-2 and blanks in triplicates in each
equilibration batch (Chapters 2-4).

I used two to four waters with known 8?H values (AWI-TD1: -266 %o, Laboratory
water: -58 %o, medium deuterium-enriched water: 137 %o, highly deuterium-enriched
water: 334 %o) to replace all exchangeable H in the sample with the H of the
equilibration water and to calculate the contribution of exchangeable H and the §2Hx

value. I produced the two deuterium-enriched waters by mixing 2H20 and ultrapure

10
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water (Faghihi et al,, 2015). The treatment batches one and two were equilibrated with
two isotopically different waters and the third batch with four waters (Chapter 2). For
Chapter 3, [ used three and for Chapter 4 four isotopically different waters.

In addition to the medium drying intensity (Chapters 2-4), | realized a weaker
and a stronger drying intensity (Chapter 4). For the weaker drying intensity, the
temperature was maintained at 120 °C after the 16-h equilibration and the stainless-
steel vessel was evacuated with the diaphragm pump for 1 h. Then, the vessel was
cooled down for 2 h at room temperature outside of the oven, while evacuating with the
diaphragm pump to a final pressure of 150 to 300 Pa. For the stronger drying intensity,
the temperature was maintained at 120 °C after the 16-h equilibration and the stainless-
steel vessel was evacuated with the diaphragm pump for 15 min and additionally with
the rotary vane pump for another 45 min. After this drying phase, [ assumed that the
equilibration was terminated. Then, the temperature was raised to 200 °C for 2 h,
followed by cooling for 3 h at room temperature outside the oven, evacuating

continuously with the rotary vane pump to a final vacuum < 1 Pa (Figure 4.1).

1.2.5 Hydrogen isotope ratio measurement

The concentrations of H and §2H values were determined with an Elemental
Analyzer-Isotope Ratio Mass Spectrometer (Flash 2000 HTC-Delta V Advantage, Thermo
Fisher, Waltham, MA, USA). The samples were pyrolyzed in the chromium-filled Al203
reactor at 1250 °C. I used the setup “A1” described in Gehre et al. (2017), but adapted it
for a smaller inner diameter (7 mm) of the inner tube with a 40 mm octagonal graphite
crucible. In combination with 2 x 5 mm smooth wall tin capsules, long sequences of up to
130-150 capsules were possible. For normalization of the measured §H values of each
carousel run, I used three international laboratory standards (VSMOW, SLAP and IAEA-
604). Additionally, I used GISP to test for correct normalization and fractionation by
halogen release from chrome (Gehre et al., 2015). I purchased all international
laboratory standards from USGS (Reston Stable Isotope Lab, Reston, VA, USA) packed in
silver capsules (25 pL). [ used polyethylene powder as an internal laboratory standard
for sample bracketing and IAEA-CH7 for quality control at the beginning and end of each
sequence. | did not notice any problems concerning drift or residual nonlinearity of the
EA-IRMS system. I corrected small memory effects with the help of a pool-wise memory

correction algorithm using one or two pools (Guidotti et al.,, 2013). Over the duration of
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the experimental period from 24t June 2019 to 21st May 2021 the PE-powder was
measured with a mean 62H value of -70.0 £ 1.5 %o (n = 771), GISP with -188.9 + 1.7 %o
(n=121) and IAEA-CH7 with -100.4 + 1.7 %o (n = 182). The values were

indistinguishable from the certified or recommended values.

1.2.6 Data evaluation

Statistical analyses and the correction of isotope data were conducted with the free
software environment R (R Core Team, 2022; Wickham et al., 2019). I normalized all
stable H isotope ratios to the VSMOW-SLAP scale (Paul et al.,, 2007), which I extended
with IAEA-604 to 799.9%o0 (when §°Hw > 0 in Chapter 2 and always in Chapters 3, 4),
and expressed them in %o relative to Vienna Standard Mean Ocean Water (VSMOW). All
errors are given as 1 standard deviation (SD).

To determine reliable 62Hn values, I removed samples that came into contact with
atmospheric humidity after the equilibration. I detected such samples by (a) visual
inspection for holes and (b) the absence of an Ar peak after the Hz peak in the Elemental
Analyzer chromatogram. Steam equilibrations of the same sample with isotopically
different waters need to result in the same contribution of exchangeable H to the total H
concentration (same xe). Moreover, (c) [ removed individual H isotope measurements as
outliers, when both, the H concentration and the residual of the equilibrium line, were
0.5 times outside the interquartile range of all other equilibrations of the same sample
(Chapters 2-4).

[ used the regression equation (Eq. 1.1) of the known 62Hw on the measured §2H¢
values to determine 62Hn values and the contribution of the exchangeable to the total H
concentration (xe) (Feng etal., 1993; Filot et al,, 2006; Ruppenthal et al.,, 2010, 2013,
2015; Sauer etal., 2009).

8§%H; = Yo Oex—w 8°H,, + (1 —x)8%H,, + 1000 X, (tex—yw — 1) (Eq. 1.1)

In Chapter 2, [ assumed that there is no equilibrium fractionation between the
exchangeable H in the clay minerals and soil clay fractions and the steam (i.e., dtex-w= 1)
(Bowen, Chesson, et al., 2005; Chesson et al., 2009; Hsieh & Yapp, 1999; Qi & Coplen,
2011). The fractionation factor aex-w is a temperature-dependent material constant,
which is difficult to determine. Therefore, it is common practice to use the value of 1.08
for atex-w, which had been determined for cellulose by (Schimmelmann, 1991) for organic

materials (Qi & Coplen, 2011; Ruppenthal et al., 2010, 2013, 2015; Sauer et al., 2009;
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Soto et al.,, 2017; Wassenaar & Hobson, 2000, 2003). While for some clay minerals,
several fractionation factors are available for the equilibrium fractionation of
nonexchangeable H between mineral and ambient water at the time of mineral
formation (Gilg & Sheppard, 1996; Liu & Epstein, 1984; Méheut et al., 2010; O’'Neil &
Kharaka, 1976; Savin & Epstein, 1970b), I am not aware of any reported fractionation
factor between exchangeable H in clay minerals and steam-H at 120 °C.

The slope is the product of e and aex-w and the interceptis (1 — x,)8%H,, +
1000 X, (ex—w — 1).Assuming dex-w = 1 and using 8°H, from the regression line for

8°H,, = 0, Equation 1.1 is rearranged to calculate §2Hx (Eq. 1. 2).

intercept

8%H, = (Eq. 1.2)

1-slope
Using Gaussian error propagation for Eq. 1.2, I estimated the standard deviation of

the 8*Hn values with Eq. 1.3, neglecting covariance of slope and intercept.

1 2 intercept 2
SD = \/(1—slope * SDintercept) + ((slope—l)z * SDSlope) (Eq. 1.3)

In Chapter 3, I combined slope = dex-w - Xe and §*H; from the regression line for §*°H,, =0

to solve Equation 1.1 for 62Hn (Eq. 1.4).

§2H. = Qex—w intercept — 1000 slope (Xex—w—1) (Eq 1 4)
n Qex—w — Slope T

For Eq. 1.4, l assumed either no fractionation (atex-w= 1) or aex-w = 1.08 (Ruppenthal
etal, 2010, 2013, 2015; Sauer et al,, 2009; Soto et al,, 2017; Wassenaar & Hobson, 2000,
2003), which covered the range of aex-w values reported in the literature. The standard
deviation (SD) of the §°Hx values was estimated by using Gaussian error propagation
(Section 4.6.2). I recalculated the §*Hx values for bulk soil and SOM reported by
Ruppenthal et al. (2014; 2015) for a different aex-w value with the help of the reported xe
values.

I calculated the mean annual §?H values of local precipitation (§2Hp, annual) for all
my study sites with the Online Isotopes in Precipitation Calculator (OIPC, version 3.1;
Bowen, 2022; Bowen & Revenaugh, 2003; [AEA/WMO, 2022). To calculate mean
seasonal §?Hp values (8%Hp, seasonal) representing the volume-weighted mean §%Hp value
of the months with an average temperature > 0 °C (Bowen, Wassenaar, et al., 2005), |
used the 8%Hp values of the OIPC and temperature and precipitation data of the sampling
locations from the years 1970-2000 (Fick & Hijmans, 2017). The 95% confidence
interval of the §%Hp, seasonal values were taken from raster grids (Bowen, Wassenaar, et al.,

2005).

13



1.2 MATERIAL AND METHODS

To test for normal distribution, I used the Shapiro-Wilk Normality test. If
necessary, | transformed the variables to their logarithmic, reciprocal or square root
values based on the skewness of the original distribution (Webster, 2001). Linear
models were validated by investigating their residuals with the Shapiro-Wilk test for
normal distribution and using the Breusch-Pagan test for homoscedasticity. For the
multiple regression, I used globally available climatic and topographic variables (Table
3.1). [ used principal component analysis (normalized and varimax rotated) to identify
statistically independent explanatory variables and only accepted principal components
with eigenvalues > 1 (Revelle, 2021). As independent explanatory variables, I used the
highest loading variable of each principal component. [ implemented stepwise multiple
regression analysis with the R packages “StepReg” (Junhui Li et al.,, 2021), using the
corrected Akaike information criterion to choose the ‘best’ model in a bi-directional
model selection process with 0.05 as significance threshold for in- or exclusion of
variables. Relative weights were determined with the R package “relaimpo” (Grémping,
2007).

In line with reports from the literature, I did not fully get rid of some remaining
organic matter in the clay fractions, particularly at high clay concentrations (Kaiser et al.,
2002; Mikutta et al., 2005; von Liitzow et al., 2007). Therefore, I corrected the measured
02H values of the clay fractions (SZHn,Clay) with Eq. 1.3. For this purpose, [ used an
updated regression of the §2Hx values of soil organic C concentrations on 62H values of
the mean annual local precipitation of Ruppenthal et al. (2014; 2015), because the
number of worldwide stations contributing to the Online Isotopes in Precipitation
Calculator had tripled since 2015 (Bowen, 2022).

82H7’1C ay~— 'n, 82Hn .
8 Hp inorg.clay = — 220N 1301 \yith §2H,, sou = 0.985 82H,, — 54.6%0 (Eq. 1.5)

1-f som

82Hn, inorg. clay is the §%Hn value corrected for the contribution of SOM and thus the
inorganic part of the clay fractions. fs, som is the contribution of C-bonded H in SOM to the
total nonexchangeable H in my soil clay fractions. The C-bonded H from SOM was
estimated by assuming 25 g of H per kg of Corg (Rice & MacCarthy, 1991), that SOM
contains 50% C and that 80% of this H was nonexchangeable (Ruppenthal et al., 2013;
Schimmelmann, 1991; Wassenaar & Hobson, 2000). I furthermore assumed that the clay
separation procedure did not change the §2Hx value of the SOM.

In Chapter 4, [ determined the aex-w, by drying the samples after 16-h equilibration

differently, the slope (mi) and intercept (bi) of the equilibration line can be manipulated
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1 SUMMARIZING OVERVIEW

because xe is varied ()e1 # Xe.2). Meanwhile, the qex-w and §°Hn values remain unchanged,
because aex-w depends on the equilibration temperature, which is always the same and
82Hn values are independent of xe.

Assuming that the §°Hn values of the different drying procedures are the same and

solving Eq. 1.4 in the form of §°Hn,1 = §°Hn,2 for aex-w yields Eq. 1.6

a _ b1 mz—bz m1+1000 (mz —ml)
ex—w b1 - b2 + 1000 (mz - ml)

(Eq. 1.6)

As a test, | calculated aex-w in two other ways with the identical result (Section
4.6.1). I estimated the SD of aex-w by applying Gaussian error propagation (Section 4.6.2).
A larger difference between the slopes and a smaller scattering around the equilibration
lines resulted in a smaller propagated error. I accepted only aex-w values with a
propagated SD < 0.2. Moreover, I only used pairs of equilibration lines if the stronger
drying resulted in a steeper slope than the weaker drying. With the medium-drying
equilibration line taken from Chapters 2 and 3, when available, resulted in a maximum
of three possible equilibration line pairs, and thus three possibilities for deriving dex-w. [
then calculated the arithmetic mean and SD of the aex-w values from different

combinations of equilibration line pairs (Chapter 4).

1.3 Results and Discussion

1.3.1 Testing the §°H, determination of clay fractions (Chapter 2)

In a first step to adapt the steam equilibration method, I determined the optimum
equilibration time (Figure 2.3). In my experiment, the §*H; values of the equilibrated
samples did not fully reach a plateau after 64 h, but changed little beyond 16 h. A
similarly slow increase of the §?H values with time during vacuum drying at constant
temperature were observed for some clay minerals (Faucher & Thomas, 1955; O’Neil &
Kharaka, 1976). Likewise, Schimmelmann (2006) reported an asymptotic convergence
to a plateau for kerogen-H. Thus, full equilibrium of the clay minerals with the steam
occurs only at equilibration times, which are not feasible for routine measurement.
Therefore, [ decided to run my equilibration for 16 h, because after 16 h the change in
the 8*Hi value was only minor. The linear regression of the §°H: value of my clay
minerals and soil clay fractions on the §?H values of the equilibration water consistently
resulted in coefficients of determination > 0.99. The precision of the 62Hn measurements

of the three soil clay fractions ranged from * 0.6 %o for Oso to + 6.9 %o for KA-1 (+ 1 SD);
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the precision of untreated bulk samples of clay minerals ranged from * 0.9 %o for KGa-2
kaolinite to + 7.5 %o for Mg-montmorillionite (all n = 3). I attribute the high precision of
the 82Hx value of kaolinite and the Oso clay fraction to their high structural H
concentration and a corresponding small exchangeable H fraction of total H. The KGa-2
kaolinite had the smallest exchangeable H fraction of total H of all studied clay minerals,
and the Oso clay fraction of all studied soil samples. In contrast, the swellable
vermiculite and montmorillonites contain less structural H and much more
exchangeable H than kaolinite. Consequently, the 62Hn measurements of trioctahedral
vermiculite showed a higher error.

To evaluate the effect of the clay separation on the §2Hx values of clay minerals, I
compared 62Hn values of the untreated bulk clay mineral samples with the 62Hn values of
the clay mineral samples, which I carried through the clay separation method. Both §2Hn
values were similar, except for the trioctahedral vermiculite. The latter was related with
the fact that in my treatment, [ only collected 1 % of the bulk sample in the clay fraction
of the vermiculite, which was not representative for the bulk vermiculite. Therefore, I
additionally measured the 2Hx values of the ‘<silt’ and sand fractions of the
trioctahedral vermiculite and calculated a mass-weighted mean of the 62Hx values of the
grain-size fractions. The resulting calculated 62Hn value of the bulk vermiculite was
similar to that of the untreated sample, illustrating that the clay separation method did
not influence the 8§2Hn value of the clay fraction. Because it was not possible to remove
the entire SOM from the soil clay fractions, I had to consider the influence of
nonexchangeable H in remaining SOM. The maximum residual organic C concentration
in the three clay fractions was 35.7 g kg-1. To assess the influence of C-bonded H in
organic matter on my 82Hn values of the three soil clay fractions, I estimated the
nonexchangeable H from organic matter to contributed 15-34 % to the total
nonexchangeable H in my three soil clay fractions. Furthermore, my correction of the
02Hn values of the soil clay fractions by the contribution of the nonremoved SOM only
affected the 62Hn value of one of my three soil samples, Oso, more than marginally. In the

Oso sample, the corrected §2Hn value was shifted by 15 %o (Chapter 2).
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1.3.2 Relationship of the 8%H values of precipitation with the §%Hx

values of soil clay fractions (Chapter 3)

The 8*Hn values of the clay fractions, calculated with Eq. 1.2, ranged from -167 %o
for north Siberia to -44 %o for west Kenia, calculated with aex-w =1 and from -191 %o for
south Argentina (-181 %o for north Siberia) to -81 %o for west Kenia for aex-w=1.08
(Table 3.2). No matter which aex-w was used, there was always a significant correlation
between the §*H values of mean annual and seasonal local precipitation and the §2Hn
values of the clay fractions (Figure 3.2). As expected, the bulk soil from a climosequence
in Argentina (data taken from Ruppenthal, 2014 and recalculated for dex-w = 1) fell in
between demineralized organic matter and clay fractions for both aex-w values.

My range of 62Hx values of clay fractions for both aex-w values is similar to that
reported by Lawrence and Taylor (1971) of -30 to -165 %o for clay minerals and
hydroxides in soils of the USA (Table 3.2). The fact that the 62Hn values of the bulk soils
of the Argentinean subset of samples could be explained as a mixture of those of
demineralized organic matter and the clay fractions illustrated that the
nonexchangeable H pool of different soil constituents such as organic matter and clay
minerals showed a different equilibrium H isotope fractionation between ambient water
and the individual constituents (i.e., different omin-water values; Figure 3.3). Moreover, |
found that the influence of the remaining Corg concentrations in the soil clay fractions on
their §*Hn values can be neglected, because the estimated shift of the C-bonded H on the
regression of the §2H values of mean annual and seasonal local precipitation on the §2H,
values of the clay fractions was minor. Additionally, | found an influence of the assumed
preliminary oex-w values and the dominant clay mineral type, as assessed via the
potential cation-exchange capacity on the results of the regression analysis. Considering
other climatic and geomorphological site properties in an additional multiple regression
analysis indicated that the consideration of hillslope as explanatory variable increased
the explained variance of the 8%Hx values of the soil clay fractons, which is similar to the
finding of Schaub et al. (2009) for 6180 values of soil clay fractions. Moreover, my results
illustrate that the aex-w values, particularly of the 2:1 clay minerals, need to be better

constrained (Chapter 3).
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1.3.3 Determination of sample-specific aex-wand its variation in soil

clay fractions (Chapter 4)

[ was able to determine the aex-w value for 7 of 10 clay minerals, 19 of 22 topsoil
clay fractions, and all 3 other materials (two different micas and cellulose, Table 4.1).
The missing data are attributable to the fact that the slopes of the regression lines of the
02H: values of the sample on the §2Hw values after the different drying procedures were
not sufficiently different to reliably determine the intersection point of the two
regression lines in at least one of three considered pairs (weaker-medium, weaker-
stronger, and medium-stronger drying). Among the 29 successful aex-w determinations,
there was a significant difference between the contributions of exchangeable H to total H
in the minerals and clay fractions after weaker and stronger drying (paired t-tests, mean
11.2 %, p < 0.001), ranging from 1 to 24 %, Table 4.1). The overall mean oex-w value was
1.080 = SD 0.080 (n=29) and thus identical with the aex-w value frequently chosen in the
literature for bulk soil and organic matter (Ruppenthal et al., 2010). Thus, an dex-w value
of 1.080 is a suitable first estimate for soil minerals.

The aex-w values of the 19 topsoil clay fractions correlated with the soil clay content
(r=0.63, p = 0.04), local mean annual temperature (r = 0.68, p = 0.01) and the §*H
values of local precipitation (r = 0.72, p < 0.001) mainly reflecting the different clay
mineralogy under different climatic weathering regimes. The aex.w and §*Hn values show
different relations with the local precipitation, depending on their grouping based on the
CECpot into 1:1- and 2:1 clay mineral-dominated mixtures. My findings are in line with
the fact that the hot-humid inner tropical zone at low latitude (and 8%Hp values near 0) is
usually dominated by 1:1 clay minerals, while the temperate zone at intermediate
latitude and 8%Hp values shows a prevalence of 2:1 clay minerals (FAO, 2009; Ito &
Wagai, 2017) (Chapter 4).

In Chapter 3,  had shown, that the §*H values of local annual precipitation
(8%Hp, annual) correlated significantly with the §2H values of a global set of soil clay
fractions for an assumed constant aex-w value of 1 or 1.08, respectively (Figure 3.2).
Moreover, [ showed that the climate-determined mineralogy of the soil clay fraction,
which [ assessed via the CECypot, influenced this relationship (Figure 3.5). The latter
finding is redrawn in Figure 1.2a for an aex-w value of 1 (Figure 1.2c) to allow for a direct
comparison. When I now used the sample-specific aex-w value to calculate the §?Hn

values of the soil clay fraction, the relationship between the §*Hp, annual values and
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Figure 1.2: Relationships between the §H values of local mean annual precipitation (5°Hp,
annual) and the §%Hy values of soil clay fractions calculated with aex-w = 1 (a) (no equilibrium
fractionation) and with a sample-specific aex-w value (b) and relationships between the
82Hp, annual values and a constant aex-w value of 1 (c) and sample-specific dex-w values (d).
The §%Hp, annuai values are from the Online Isotopes in Precipitation Calculator, version 3.1
(Bowen 2022). The filling and symbol shape group clay fractions by the potential cation-
exchange capacity (CECpot). The dashed to dotted lines show linear regression lines only
when the correlations are significant or group the samples with a CECpot < 160 mmol. kg1
together (b). The error bars of the §°Hp values indicate the 68% confidence interval and
might be smaller than the symbol size. The error bars of §°Hy values indicate in (a) the SD
from field triplicates, available for three sample locations from Argentina; in (b), the SD is

derived by Gaussian error propagation.
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the 8H values of a global set of soil clay fractions disappeared (Figure 1.2b). Instead, the
8%Hp, annual values correlated with the sample-specific aex-w values (Figure 1.2d). This
finding illustrates that the relationship between the §?Hp, annual values and the §*Hn
values of soil clay fractions was strongly influenced by the mineralogical composition of
the soil clay fraction. The soil clay fractions with a CECpot < 160 mmolc kg1, presumably
dominated by 1:1 clay minerals which is common in inner tropical soils (FAO, 2009; Ito
& Wagai, 2017), showed systematically higher §*Hx values and tend to lower dex-w values

than all other samples, which are presumable richer in 2:1 clay minerals (Figure 1.2b,d).

1.3.4 Comparison of §°H; and 8°H, measurements of clay minerals

The current state-of-the-art methods to remove exchangeable H before continuous
flow isotope ratio mass spectrometry (CF-IRMS) use varying temperatures ranging from
100 °C to 350 °C (Bauer & Vennemann, 2014; Gilg et al.,, 2004; Savin & Epstein, 1970a;
VanDeVelde & Bowen, 2013; Vitali et al., 2002). The chosen temperature varies with the
investigated clay minerals. For smectites, 200 to 250°C was considered to deliver
satisfying results (Bauer & Vennemann, 2014; VanDeVelde & Bowen, 2013). However,
Marumo et al. (1995) still found an influence of interlayer water at 200 °C for a poorly
crystallized smectite accompanied by an initial dehydroxylation at the same
temperature.

My own measurements, in which I eliminated the influence of exchangeable H on
the 8?Hn value by steam equilibration, yielded generally isotopically lighter §*Hn values
for clay minerals than the conventional measurements in which exchangeable H was
removed via vacuum extraction at 200 + 50 °C (Table 1.1). However, the §*Hx values of
USGS biotite and muscovite were nearly identical irrespective of the used measurement

method. [ suggest that the latter is attributable to the smallest exchangeable H fraction

(Xe)-
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1.4 ERROR DISCUSSION

In contrast, I observed large differences between the §2Hn values of clay minerals
determined in my study and the §2H: measurements of the same material in other
studies (A%Hn-t). The A*Hn-¢ values increased with increasing size of xe. This agrees with
findings of Bauer and Vennemann (2014), who observed rehydration by water vapor in
the laboratory air which varied with grain size and interlayer cation composition of the
clay mineral sample. By limiting the exposure time to laboratory air before CF-IRMS
measurement, the results for SWy-1 were closer to my §*Hn determination
(A*Hn-t = -15 %o) and identical with those of Fagan (2001; SWy-1 vs. SWy-3 from the
same origin). Kanik et al. (2022) shortened the exposure time to laboratory air prior to
CF-IRMS measurement to ~1-2.5 min, additionally using a hot autosampler. Moreover,
Kanik et al. (2022) reduced the exchangeable H fraction by K-saturation of SWy-1, which
led to a collapse of the interlayer space. This resulted in a A?Hn.-¢ value of only -10 %o
thus coming close to my own measurements in which I eliminated the influence of
exchangeable H on the §°Hn values completely (Table 1.1). The nearly doubled A*Hx-t for
SWy montmorillonite in the study of Kanik et al. (2022) can be explained by an
exchangeable H fraction of 22 + 2 % after 200 °C vacuum drying. Consequently, the large
size of of the xe of 54 + 5 % for SCa-3 montmorillonite in the study of VanDeVelde and
Bowen (2013) led to substantially different total and nonexchangeable §*H values with
A*Hn-t = -119 %o. Contributing to this, the double charged interlayer cation of the SCa-3
montmorillonite approximately doubles the water uptake at the same partial pressure

(Bauer & Vennemann, 2014).

1.4 Error Discussion

[ am aware that, despite my best efforts, the data presented may be affected by
various sources of uncertainty. The classification of soils in the field and the
differentiation of different soil horizons for soil description and sampling was done by
experienced pedologists based on the field guides of the German soil classification (KA5)
(AG Boden, 2005) and the World Reference Base for Soil Resources (IUSS Working
Group WRB, 2015). Nevertheless, a possible bias due to subjective assessment in the
field cannot be excluded (Chapters 2-4).

The grain size determination and the chemical characterization of the samples in

the laboratory was repeated twice in Chapter 2 exhibiting an acceptable variation of the

22



1 SUMMARIZING OVERVIEW

resulting values of each sample property (Table 2.5): For the untreated bulk samples the
SD of the Fedq concentrations ranged from 0.0 to 0.7 and for the Corg concentrations from
0.01to 2.2 mg g (n = 3). For the grain size determination, the SD of the relative masses
ranged for sand from 0.2 to 5.7 %, for silt and clay from 1 to 10 % (n = 2). For the Corg
concentration of the clay fractions the SD ranged from 0.0 to 3.7 mg g1 (n = 3). The soil
clay fractions showed in general a higher SD than the clay mineral samples. In Chapters
3 and 4, [ treated one soil sample (SK-Oso) in four separate batches, exhibiting a high

precision of my measurements (Table 1.2).

Table 1.2: Selected properties of the repeatedly measured sample “SK-Oso” with means and
standard deviations (SD).

treatment Bulk samples Clay fractions
batch Sand Silt Clay Fedq C N CEC 8%Hn = SD Xe £ SD H+SD
number [%] [mg g] [mmolckg’] __ [%o] [%] [mg g]
1 34.5 50.5 15.0 9.4 36 2.7 120.8 -95.1+1.2 169+0.3 10.3+0.2
2 33.6 51.7 14.8 9.3 33.1 2.7 121.2 -1019+1.2 176+04 9.8+0.1
3 325 523 151 9.5 379 3 122.8 -983+13 187+04 10.7+0.3
4 333 51.2 15.5 9.7 34.8 2.8 134.3 -99.4+1.7 18.0 £ 0.5 10.5+0.6
Mean 33.5 51.4 15.1 9.5 355 2.8 124.8 -98.7 17.8 103
+SD: 0.8 +08 03 0.2 +2 +0.1 +6.4 +2.8 +0.8 +0.4

The 3-4 times repeated measurement of the 62Hx values in soil clay fractions and
clay minerals showed a high precision for the whole procure (clay separation, steam
equilibration and EA-IRMS measurement; Table 1.2 and Table 2.3) with SD ranging from
+ 0.9 %o to + 7.5 %o (Chapters 1-3). Nevertheless, a systematic influence of the clay
separation treatment cannot be entirely excluded. Gilg et al. (2004) reviewed several
steps of the sequential clay separation procedure for §°H analyses of clay minerals and
suggested a treatment with H20: as satisfactory for the SOM removal. However, several
authors have shown that the SOM removal with H202 from the clay fraction can be
inefficient and is selective with respect to composition and age, which is well known
(Eusterhues et al,, 2003; Kaiser et al., 2002; Leifeld & Kégel-Knabner, 2001; Mikutta et
al,, 2005; von Liitzow et al., 2007). Unfortunately, the influence of the selective SOM
removal by H202, NaOCI or Na2S20s on 8?Hx values of SOM in the clay fraction is
unknown. After each soil sample had undergone repeated H202 treatment steps, none of
my clay fractions was completely free of SOM with Corg concentrations from 1.0 to
58.9 mg g1. I estimated the influence of remaining Corg-associated H to moderately shift

most §?Hn values of the samples, up to a maximum of 19 %o (Chapters 2-3).
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Nevertheless, the overall influence of this shift on the relationship between seasonal or
annual mean 8°H precipitation values and the §*Hn values of topsoil clay fractions was
minor (Chapter 3). Another limitation of the clay separation method consists of the fact
that a 15-min single-step application of the DCB method removes nearly all hematite but
only about 80% of the goethite, and even repeated applications of the DCB method
might leave some Fe oxides untouched (Mehra & Jackson, 1958). After a 30-min single-
step application, my bulk soil Feq concentrations did not correlate with the total Fe
concentration of the clay fractions, which I used as surrogate of the concentrations of
remaining Fe oxides in the clay fractions (p = 0.07, p = 0.74, n = 23), although the total Fe
concentrations also includes Si-bound Fe. The results showed that there was no
relationship between the total and the residual Fe concentration in the clay fractions,
precluding a systematic bias by the DCB step of the clay separation method (Chapter 3).

Over the duration of the experimental period of hydrogen isotope measurements
from 24t June 2019 to 21st May 2021 a PE-powder was measured with a mean 62H
value of -70.0 + 1.5%o0 (n = 771) as in-house standard for drift control. [ used GISP
with -188.9 £ 1.7 %o (n = 121) to test for a correct normalization of each IRMS
measurement sequence and IAEA-CH7 with -100.4 + 1.7 %o (n = 182) as quality check at
the beginning and and of each IRMS sequence (Figure 1.3). The values were
indistinguishable from the certified or recommended values.

During §°H analysis, the samples were pyrolyzed in the chromium-filled Al203
reactor at 1250 °C as recommended by Gehre et al. (2017). Compared to a glassy carbon
reactor set up the chromium-filled Al203 reactor is less influenced by high N, S or
halogen concentrations, because in the pyrolysis these elements are bound to Cr (Gehre
et al., 2015; Nair et al., 2015; Renpenning et al., 2015, 2017). Because a back diffusion of
halogens is possible when chromium(III) chloride reacts with molecular hydrogen,
which affects §°H measurements of water (Gehre et al., 2015), I renewed the reactor
filling for each IRMS sequence and used GISP before the measurement of the reference
material for normalization to test for a release of halogens from the previously
measured soil clay fractions. The GISP values were indistinguishable from the certified

values, indicating that no back diffusion of halogens occurred.
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Figure 1.3: All 5°H measurements of three reference materials over the experimental pe-
riod. The dashed line is the average and the dotted line is the 30 standard deviation.

During this study, the uncertainty caused by using an assumed aex-w value became
obvious. While Chapter 2 is based on the assumption that the equilibrium fractionation

between the steam-H and exchangeable H of the clay sample can be neglected (0ex-w = 1;

Chapter 3 reveals that different assumptions of aex-w between 0 and 1.08 result in
deviating §°Hn values. Independent of the choice of the aex-w values, the external
precision of my §*Hn determinations assessed via three field triplicates was low (SD 2.5
to 5.1 %o). To overcome the need of an estimated aex-w value, I developed a method to
determine sample-specific aex-w experimentally in Chapter 4. Although this method was
successful, the determined aex-w values showed a considerable uncertainty (SD 0.008 to
0.149, see Table 4.1). The proposed technical improvements to the steam equilibration
apparatus (Section 4.6.3) may reduce the latter. Nevertheless, a small amount of residual
water-H of the exchangeable pool could have been affected by additional fractionation in
the drying phase after equilibration. Our elevated temperatures of 120 and 200 °C are
likely associated with only a small difference in the size of this fractionation, since
elevated temperatures are associated with higher vibrational energies, minimizing

stable isotope fractionation (Bigeleisen, 1965) (Chapter 4).
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1.5 General Conclusions

The results of my research allow to draw the following conclusions:

1)

2)

The steam equilibration method previously used for bulk soils and SOM can be used
for precise measurements of §*Hn values in clay fractions of soils and clay minerals,
provided the contact of the clays with ambient air humidity after equilibration can be
entirely avoided. To achieve this, the samples must be handled in a water vapor-free
Ar atmosphere. This technique should be universally applicable to other hygroscopic
materials. | did not detect a significant effect of the classical clay separation
treatment, including removal of Fe oxides and carbonates, reduction of SOM and
dispersion of the remaining material, on the 8%Hy values of clay minerals. However,
the incomplete destruction of SOM required a correction of the data, which relied on
the unproven assumption that the H202 treatment did not change the §*Hx values of

the SOM (Chapter 2).

Our results confirmed that there is a significant correlation between the §*H values
of local precipitation and the §°Hn values of soil clay fractions at a global scale.
However, this relationship is less close than previously observed for soil organic
matter. The remaining organic matter in the soil clay influenced the §*Hx values of
the soil clay fractions little. However, the equilibrium fractionation factor between
ambient water-H and exchangeable H in the clay fraction (aex-w) in the range of 1-
1.08 influenced the regression of the §*Hx values of soil clay fractions on the §°H
values of local precipitation but did not change the overall positive relationship. The
mineral composition, assessed via the potential cation-exchange capacity, had a
strong influence on the regression of the §°Hx values of soil clay fractions on the §°H
values of local precipitation. The inclusion of seasonal local precipitation, hillslope
and latitude in a multiple regression model explained up to 89% of the variation in
the 8%Hn values of soil clay fractions. This suggest that only ambient water H during
non-frozen periods contributed to the nonexchangeable H of clay fractions in the soil.
The hillslope can be interpreted as an indication of the degree to which clay minerals
are autochthonous, because the higher the hillslope is, the higher is the erosion risk,
while the eroded clay accumulates on flat terrain. The influence of latitude reflected

the fact that clay mineral formation is climate-specific, tending to be dominated by
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3)

4)

1:1 clay minerals in the inner tropics and of 2:1 clay mineals in the temperate zone

(Chapter 3).

Steam equilibration with at least two distinctly different drying conditions can be
used to determine the equilibrium fractionation factor between the H of the steam
and the exchangeable H pool of the sample (aex-w). My approach is universally
applicable to all materials that respond sufficiently to the applied drying conditions
with a substantial difference in their contribution of exchangeable H to total H. I did
not detect a significant effect of the classical clay fracitionation treatment, including
removal of Fe oxides and carbonates, reduction of SOM and dispersion of the
remaining material, on the aex-w values of clay minerals. I found that the aex-w values
of topsoil clay fractions are influenced by their mineralogical composition as
assessed via their cation-exchange capacity. Thus, the previously reported
correlations between §H values of local precipitation and §*H,, values of clay
minerals, soil clay fractions, and bulk soils are not only driven by the equilibrium
between ambient water and non-exchangeable mineral-H but also by the mineral-
specific aex-w values, which vary systematically among different climate zones with

different weathering regimes (Chapter 4).

My 8°Hn measurements of clay minerals via steam equilibration showed generally
isotopically lighter H in the nonexchangeable fraction than the conventional §2H
measurements using vacuum drying at variable temperature. The shift towards more
negative §*Hn values after steam equilibration was negligible for mica, which contain
little exchangeable H but increased with increasing exchangeable H contributions to

total H in increasingly hygroscopic samples (Chapter 1).

1.6 Author contributions

Yvonne Oelmann and Wolfgang Wilcke had the initial scientific idea for this PhD

thesis, acquired the funding and administrated the project. They also set up the study

design (Chapters 2 and 3). I gathered all soil samples and related information from

various collaborators, archives or collected in one case (DE-KA1) more sample material

at the identical sampling location (Chapters 1-4).1 conducted all laboratory analysis,
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evaluated the data, drafted the visualizations and wrote all first manuscript versions
(Chapters 1-4). In the laboratory, I received technical support from Nadine Gill
(washing of samples, weighing for IRMS analysis, EA reactor exchange; Chapters 1-4);
Martin Kull (CN analysis; Chapter 3) and Andre Velescu (ICP-MS and ICP-OES handling;
Chapter 3). Sadadi Ojoatre contributed three soil samples from Kenya which were
particulary important for the spread of the §*Hp, annual data with a value near 0%o. He
furthermore contributed writing-review and editing. Wolfgang Wilcke contributed to
the investigation, writing-review & editing and supervised my thesis (Chapters 1-4).
Yvonne Oelmann and Arnim Kessler contributed to the investigation, writing-review and

editing (Chapters 2-4).
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Abstract

Stable hydrogen isotope ratios (§°H values) in structural hydroxyl groups of
pedogenic clay minerals are inherited from the surrounding water at the time of their
formation. Only non-exchangeable H preserves the environmental forensic and
paleoclimate information (82Hn value). To measure 2Hy values in structural H of clay
minerals and soil clay fractions, we adapted a steam equilibration method by accounting
for high hygroscopicity. Our 62Hx values for USGS57 biotite (-95.3 + SD 0.9%o) and
USGS58 muscovite (-30.7 + 1.4%o) differed slightly but significantly from the reported
02H values (-91.5 * 2.4%o and -28.4 + 1.6%o0), because the minerals contained 1.1-4.4%
of exchangeable H. The low SD of replicate measurements (n = 3) confirmed a high
precision. The clay separation method including destruction of Fe oxides, carbonates
and soil organic matter, and dispersion did not significantly change the §*Hn values of
five different clay minerals. However, we were unable to remove all organic matter from
the soil clay fractions resulting in an estimated bias of 1% in two samples and 15%o in
the carbon-richest sample. Our results demonstrate that §2Hn values of structural H of
clay minerals and soil clay fractions can be reliably measured without interference from

atmospheric water and the method used to separate the soil clay fraction.

Highlights

e We tested steam equilibration to determine stable isotope ratios of structural H
in clay.

e Gas-tight capsule sealing in Ar atmosphere was necessary to avoid remoistening.

e QOur steam equilibration method showed a high accuracy and precision.

e The clay separation method did not change stable isotope ratios of structural H in

clay.

2.1 Introduction

The stable isotope ratios of structural H in clay minerals and soil clay fractions,
which cannot easily be exchanged with water (8§2Hn values), reflect that of ambient soil
water at the time of mineral formation (Gilg & Sheppard, 1996; Lawrence & Taylor,

1972; Savin & Epstein, 1970a). The &2Hx values of structural H in minerals might bear
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geographic information similar to those of soil organic matter (SOM) (Ruppenthal et al.,
2015). This is attributed to the fact that the H-isotopic composition of soil water is
related to that of local precipitation and is influenced by evapotranspiration in the soil-
plant system, both of which vary with location (Bowen, 2021; Sprenger et al., 2016).
Moreover, clay minerals could serve as paleoclimate indicators, because of the partly
high geological age. Furthermore, clay minerals are more frequent than the authigenic
carbonate minerals that are currently the most commonly used paleoclimate indicators
in soils (Cerling, 1984; VanDeVelde & Bowen, 2013).

To reliably determine 82Hn values of structural H in clay minerals requires the
removal of the influence of exchangeable H. The exchangeable H in clay minerals
comprises adsorbed and interlayer water, which quickly equilibrates with ambient
water and thus does not bear a stable isotopic signal (Bauer & Vennemann, 2014). The
current state-of-the-art methods for continuous flow isotope ratio mass spectrometry
(CF-IRMS) remove the exchangeable H at varying temperatures ranging between 100 °C
and 250 °C under vacuum (Bauer & Vennemann, 2014; Gilg et al., 2004; VanDeVelde &
Bowen, 2013). Because different clay minerals require different temperatures for the
removal of exchangeable H (Gilg et al., 2004), the currently applied methods cannot
guarantee to always remove the entire exchangeable H pool in clay minerals or clay
fractions. Another methodological challenge originates from the fact that after vacuum
drying, a hygroscopic sample quickly attracts atmospheric water. This reintroduces
exchangeable H, which must be prevented (Bauer & Vennemann, 2014; Bowen et al.,
2005; VanDeVelde & Bowen, 2013).

An alternative to vacuum drying methods is provided by steam equilibration. A
mass balance calculation after equilibrating the same clay mineral or fraction sample
with several waters of different H-isotopic composition allows for the quantification of
the contribution of exchangeable H to the total H pool and of the §*H, values
(Schimmelmann, 1991). However, such methods have up to now mostly been applied to
determine nonexchangeable H in organic matter (Bowen et al,, 2005; Epstein et al,,
1976; Hobson et al., 2012; Kelly et al., 2009; Qi & Coplen, 2011; Ruppenthal et al., 2013,
2015; Schimmelmann, 1991; Schimmelmann et al., 2020; Soto et al., 2017; Wassenaar &
Hobson, 2000, 2003) and bulk soil (Ruppenthal et al., 2010). The only study we know of
in which steam equilibration was applied to a clay mineral is that of Hsieh and Yapp

(1999), who determined the 6%Hx value of halloysite. However, steam equilibration was
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not further developed to a standard method for clay minerals (Gilg et al., 2004) or soil
clay fractions.

To measure the §°H value of non-exchangeable H in soil clay fractions requires the
separation of this fraction. To reach a full dispersion of the soil particles, Fe oxides,
carbonates and SOM must be removed, using chemicals that might attack hydroxyl
groups and thus have an effect on the 62Hx values of clay fractions. The removal of iron
oxides by the dithionite-citrate-bicarbonate (DCB) method of Mehra and Jackson (1958)
and carbonates by acetic acid was shown to not affect the §2H values of hydrous
minerals (Gilg etal.,, 2004). The commonly used removal method for SOM by oxidation
with hydrogen peroxide (H202) can change 8°H values of some clay minerals, for
example, montmorillonite (Hyeong & Capuano, 2000). Similarly, the alternative
treatment with disodium peroxodisulphate (Na20sS2) showed a strong positive shift of
the 6%H values after the treatment of a montmorillonite sample (Menegatti et al., 1999).
However, Hyeong and Capuano (2000) and Menegatti et al. (1999) did not test the
possibility that the apparent change in §?H values after treatment with H202 or Na20sS:
was related to an unaccounted remoistening of the hygroscopic samples. We suggest
that remoistening must be ruled out, before these two chemicals are defined as
inappropriate for the purpose of determining §*Hx values of soil clay fractions.
Moreover, both SOM oxidation methods may not remove organic matter exhaustively so
that the measured 8*Hx values of clay fractions need to be corrected for the §°Hx values
of the remaining organic matter.

We hypothesised that (a) we can adapt a steam equilibration method, formerly
applied to SOM and bulk soil (Ruppenthal et al., 2013) for clay minerals and clay
fractions of soils and thereby strictly avoid remoistening of the hygroscopic samples via
exchange with atmospheric water. Moreover, we hypothesised that (b) the traditional
treatment of soil samples (with the extraction of iron oxides, the removal of carbonates
and SOM and the separation of the clay fraction) does not alter the isotopic composition

of the non-exchangeable H pool of clay minerals.
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2.2 Material and methods

2.2.1 Samples

We used kaolinite (KGa-2), illite (IMt-2), Na-montmorillonite (SWy-3) and Mg-
montmorillonite (SCa-3) distributed by the Clay Mineral Society (Chantilly, VA, USA) and
a vermiculite (contributed by Stefan Dultz, Hannover, Germany) as clay mineral
reference materials (Table 2.1). SCa-3 and IMt-2 were delivered as brittle rock chips
with a macroscopically visible heterogeneity in grain sizes and colors. SWy-3 and KGa-2
were delivered as fine-grained powders. The standards are described by the baseline
studies of the Clay Minerals Society Source Clays (Borden & Giese, 2001; Chipera & Bish,
2001; A. U. Dogan et al., 2006; M. Dogan et al., 2007; Guggenheim & Van Groos, 2001;
Kogel & Lewis, 2001; Mermut et al,, 2001) and by Hower and Mowatt (1966) for IMt-2.
The vermiculite was characterised by Dultz et al. (2005), Bors et al. (1997) and Steudel
etal. (2008; 2009).

Moreover, we used A horizons from the Osobita mountain in Slovakia (Oso, Lobe et
al,, 1998) and two sites near Karlsruhe (KA-1 and KA-2) in Germany (Table 2.2). We
chose these samples because of their high concentrations of clay and SOM. High clay
concentrations complicate the removal of SOM (Eusterhues et al., 2005; Kaiser et al.,
2002; Mikutta et al., 2005; von Liitzow et al,, 2007) required for subsequent analysis of
the isotope ratio of H in clay. Therefore, the treatment intensity and duration needed to

be adjusted to constitute a worst-case test for methodological artefacts.
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Table 2.1: Selected properties of the used clay minerals.

o Surface
Lor CEC Principal
Sample Origin area (Nz) Chemical composition
[Mass-%] [mmolckg'] cations
[m? g]
Kaolinite Georgia, (Caw Kir)[AlzseFe(I11).07Mne Mg
12.6 33 23.50
(KGa-2) USA Ti.16][Sis.00]010(OH)s
Na-mont-
Wyoming, 10.3* (Ca.12Na32Ko5)[Alz.01Fe(I11).41Mn.o1Mg54Ti.02]
morillonite 764 Na+, Ca2+ 31.82
USA 0.612 % [Si7.98Al02]020(0H)4
(SWy-3)
Mg-mont- (MgasCaisNa2sKo1)[AlzssFe(11).12Mnyr
California, ~1170§ 43.2 -
morillonite 21.2 Mg2+ §§ Mg1.31Ti.02]
USA 114088 65.3
(SCa-3) [Si7.81Al19]020(OH)4
(Mg.09Ca.06K1.37)[Al2.69Fe(111).76Fe(11).06Mntr
Illite Montana,
8.02 120-1501 K+1 17.5 ** Mg 43Ti.06]
(IMt-2) USA
[Si6.77Al1.23]020(OH)4

Me*o.70 (Siz.0s
~85% Mg2+
Vermiculite Russia 20.2t 1620 tt 36 ** Al3+9.96) (Mg2+265Fe3+0.31A13%0.01)

15% Caz2+ tt
[010(OH)2 ] #

Note: If not noted otherwise, the data are from the Clay Mineral Society (2021).

* Mass loss on ignition at 550 °C x Dogan et al. (2007)

t Steudel et al. (2009) Tt Borsetal. (1997)

# Mermut et al. (2001) # Grain size fraction < 2 pm (Steudel, 2008)
§ Komadel (2003) §§ Grim and Kulbicki (1961)

T Hower and Mowatt (1966) Abberivation: tr, traces.

Table 2.2: Soil type, selected topographical properties of the study sites and selected prop-
erties of the topsoil samples used for the clay separation method.

Sam- A 1
?ir: Latitude Elevation San_r; uatmean pH
Sample Soil type*  Substrate Slope Land use Septgh Longitude [mabove n?OdElEdpre- in
WGS84 1 1 cipitation H-0
[cm] (WGS84) sea level] +SD [%o] * 2
Gleyic Alluvial None Agri- 48.9311°
KA-1 7-1 11 -58+1 .
Luvisol sediments cutural 3 8.3567° > 58 59
Haplic Dilluvial Decidu- 48.9623°
- - -58 +
Ka-2 Luvisol sand dunes None ous forest 0-12 8.357° 120 581 6.1
0so Dystrllc L.oess on Upper Conifer- 0-10 49.26 1400 7641 33
Cambisol # limestone*  slope* ous forest 19.71°

* [USS Working Group WRB (2015)
t Data from OIPC version 3.1 (Bowen, 2021; Bowen & Revenaugh, 2003)
# Data from Lobe et al. (1998)
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2.2.2 Clay separation

We sieved the three air-dried A-horizon samples to <2 mm. The clay standards
IMt-2 and SCa-3 were gently ground to this size with a hand mortar. Depending on the
estimated clay content, 5-20 g of air-dry sample were weighed in a 250-mL wide mouth
centrifuge bottle (PPCC, Nalgene, Thermo Fisher Scientific, Waltham, MA, USA). To
collect enough material for all analyses, we used 3-4 bottles per sample.

The following treatment steps and their sequence were chosen according to the
recommendations of Gilg, Girard, and Sheppard (2004) and VanDeVelde and Bowen
(2013). We treated the clay mineral standards and the topsoil samples during the clay
separation process in the same manner, using the residual sediment of each step for the
subsequent step, respectively (Figure 2.1).

To extract iron oxides, we used the DCB method of Mehra and Jackson (1958). We
added 100 mL of 0.3 M Na-citrate and 15 mL of 1 M NaHCOs3 (both Carl Roth, Karlsruhe,
Germany) solutions to the sample and the bottle was shaken for 1 h. Then, we added
~7 g Na-dithionite (Supelco, Merck, Darmstadt, Germany) to each beaker, while stirring
at 60 °C in a water bath under a fume hood, until the soil sediment lost the yellowish/
brownish colour. After centrifugation (Heraeus Multifuge X3R with rotor TX-1000,
Thermo Fisher Scientific) at a relative centrifugal force of 709 g for 5 - 60 min, we
decanted the transparent supernatant into a separate beaker and added 100 mL of 0.3 M
Na-citrate solution. This step was repeated once and the extracts were combined and
made up to 1 L for Fe analysis with an atomic absorption spectrometer (Perkin-Elmer
AAS 3100, Waltham, USA). If not noted otherwise, all chemicals used in this study were
pro analysi quality, and the water was deionised.

Afterwards, we washed the samples three times by shaking the solution with 1 M
NaCl solution (Carl Roth) for 1 h on an overhead shaker, centrifuged them for 10-30 min
at4122 g and decanted them. A fourth wash was done with 0.5 M NaCl solution.

To remove carbonates, soluble sulphates and salts without dissolving clay
minerals, we made up the remaining sediment to 100 mL with deionised water and
added 25 mL Na-acetate acetic acid buffer (164 g Na-acetate [water free] + 120 g 100%
acetic acid L1 [both Carl Roth]) adjusted to pH 4.8 (Lagaly et al,, 2013). If, after stirring
sporadically for 2 h in a water bath with 50 °C, the pH was higher than 4.8, more buffer
solution was added in 10-mL steps. After all samples had reached the pH value of 4.8,

they were left to cool down to room temperature.
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To remove organic matter, we added 30 mL of H202 (30%, Carl Roth). After
stirring, we left the bottles overnight at room temperature. Following Hyeong and
Capuano (2000), we used a water bath at 50 °C with occasional stirring of the samples.
We added 20 mL of H20: after 2.5-3 h and another 20 mL per beaker after further 2.5-
3 h. We used the maximum duration and amount of H202 required by our soil samples
for the clay minerals. When samples started to spill over, we sprayed a small amount of
octane-2-ol (pro synthesis, Sigma-Aldrich, St. Louis, MO, USA) into the foam. After
washing once with 2 M NaCl solution, the whole H202 treatment was repeated.

In the following four-fold washing cycle with NaCl solution, we removed the
supernatant with a peristaltic pump (ISMATEC MCP Process, Cole-Parmer, Vernon Hills,
IL, USA with Tygon® LMT-55 hoses, ID: 8 mm,Tygon®, Saint-Gobain, La Défense,
France) to avoid resuspension. We continued the washing of the samples with deionised
water until all beakers had an electrical conductivity <400 uS cm-! in the decantate (DIN
ISO 11277, 2002). We filled all beakers with deionised water with a pH of ~7.5 (adjusted
with NaOH) and shook them overhead for 18 h. Then, we separated the remaining
sediments of all clay mineral and soil samples into grain-size fractions starting with wet
sieving (63 pm) the sand fraction. The grain-size distribution was determined by pipet
analysis according to DIN ISO 11277 (2002), except that we did not use a dispersing
agent following the suggestions of Dietrich et al. (1998) and Miiller (1964). For kaolinite,
we had to add a few millilitres of 0.01 M NaOH (Titripur, Merck) into the suspension and
shortly shake it manually to reach full dispersion. Manual shaking for 2 min and letting
the sample settle 20 cm in 2-L glass cylinders separated the clay fractions (< 2 um). We
calculated the sedimentation time following Stokes’ law considering the current
temperature (Gee & Or, 2002). Then, we transferred the supernatant into 10-L buckets
with the peristaltic pump and filled the glass cylinder with more deionised water (pH ~
7.5). We repeated the separation via sedimentation three times to separate >50 % of the
clay (Miiller, 1964), using always water with a pH of ~7.5. This comparatively fast
separation leaves residues of the clay in the silt separates, which we named therefore
‘<silt’.

We added 15-25 g MgCl2 (solid, 298.5%, Carl Roth) to the bucket to start
sedimentation. The next day, we pumped out the clear supernatant and transferred the
residual into a 1-L centrifugation beaker (PP, 75007300, Thermo Fisher Scientific). We

washed the samples first with 1 M NaCl solution and then once with deionised water.
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] Clay mineral
/ Soil sample / / standard /
‘ Siove <2 | | Grind & sieve to }7
<2mm

| Weigh 5-20 g per centrifugation hottle ‘

v

Extraction of iron oxides with Na-citrate- Na-
bicarbonate buffer and
Na-dithionite (0.5 h, 60 °C)

¥ ¢

Cleaning: Centrifugation with 1M NacCl
solution and a last one with 0.5 M

Removal of Carbonates with sodium acetate
acetic acid buffer (pH ~ 4.8)

v  a—

Removal of organic substance with H,O05

¢ I—I

4x Cleaning: Centrifugation 3 times with 1 M
NacCl solution, once with 0.5 M and continue
with deionized water
no [3..5x]
yes
v

| Disperse with deionized water of pH ~ 7.5 |

v

| Wet sieving (630, 200 & 63 pm) |

| Pipette analysis |

———v

4x Separation of silt & clay fractions through
sedimentation

v

Precipitate clay suspension (~ 9 I) with MgCl,

v

2x |Cleaning: Centrifugation with 1 M NaCl solution
& deionized water

v

Removal of organic substance with HyO»

Cleaning: Centrifugation once with 1M NaCl

solution, twice with 0.5 M and continue with
deionized water
A
no [3...6 x]
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A 4

Ory clay (60 °C) orin to powir

v

Steam equilibration and
EA-IRMS

Figure 2.1: Workflow diagram of the clay separation method. EA-IRMS, Elemental Analyser
Isotope Ratio Mass Spectrometry.
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We treated the clay suspension of the clay minerals and the soils once again with
H20: to further reduce their SOM concentrations. We made the 1-L centrifuge beaker up
to 200 mL with deionised water and added 70 mL of 30% H202 and twice further 45 mL.

The final washing started with 1 M NaCl solution, followed by twice 0.5 M and
deionised water until the conductivity of the supernatant was <100 pS cm-1. Some
samples needed centrifugation times of up to 4 h at 4122 g. The clay suspension was
transferred into 250-mL PE wide-mouth beakers (Kautex Textron, Bonn, Germany) and
dried at 60 °C. We manually pulverised the ‘<silt’ and clay fractions to <200 um in an
agate mortar.

The entire clay separation procedure took 10-12 weeks and up to 12 samples
could be simultaneously processed (Figure 2.1). The procedure was conducted three
times for all samples in separate batches to yield three independent replicates of all clay
fractions. After the treatment, the interlayers of all swellable clay minerals should be

mostly Na saturated.

2.2.3 Chemical sample properties

The carbon (C) concentrations were measured with an Elemental Analyser (EA)
(Flash 2000 HTC, Thermo Fisher Scientific and EuroVector 3000, EuroVector, Pavia,
[taly).

The pH was determined with a glass electrode (SenTix® 81 on pH 3310, WTW,
Weilheim, Germany) in a deionised water suspension at a soil:water ratio of 1:2.5 (v/v).

The potential cation-exchange capacity (CECpot) was determined with the Cu(II)-
triethylentetramine method (Ammann et al., 2005; Meier & Kahr, 1999). To avoid any
pH dependency of the result (Stanjek & Kiinkel, 2016), we mixed 9.5 mL of the sample
with 0.5 mL phosphate buffer (pH = 7.0; 1.814 g KH2PO4 [Carl Roth], 3.564 g
NazHPO4*2H20 [Emsure, Merck] in 0.5 L ultrapure water) and shook the suspension for
24 h (Steudel, Weidler, et al., 2009). The removal of the Cu complex by adsorption to the
cation-exchange sites was photometrically determined at 577 nm. The potential CEC

was referred to oven-dry soil (24 h at 105 °C).

2.2.4 Steam equilibration

We modified the equilibration device of Ruppenthal et al. (2013) (Figure 2.2). We
replaced the liquid nitrogen trap with a diaphragm pump (VP 220, VWR, Radnor, PA,
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USA) to remove water vapour, which could corrode the rotary vane pump (RZ 2.5,
Vacuubrand, Wertheim, Germany), and we added a glove bag (Captair Pyramid, Erlab,
Val de Reuil, France), which was filled with Ar to allow for a fast gas-tight sealing of the

tin capsules without contact to ambient air.

vacuum

valves
rotary = PFA tubes
vacuum /
—————|_pump )
vacuum dessicant
ventilated oven [ QO 1] gauge

syringe with
equilibration | |\
water \-\.ﬁi\

injection ___1+—-

septum mwu

) L | / R
stainless - convoluted
steel vacuum “ stainless
vessel

I‘ steel tube

membrane
\ Swagelok vacuum
v quick pump
sample holders cover against connector
with samples in sample spray
silver or tin capsules from injection

Figure 2.2: Sketch of the modified steam equilibration apparatus of Ruppenthal et al.
(2013).

The optimum equilibration time was determined experimentally for two soil
samples (the sample KA-2 was not used, Table 2.2) and the clay reference materials
following a suggestion of Wassenaar and Hobson (2000). After evacuating the stainless
steel vessel (~ 10 L; Rovak, Grumbach, Germany; with steel tubing, fittings and valves
from Swagelok, Solon, OH, USA) for 2 h inside a fan-assisted heating oven at 120 °C, we
injected 4 mL of equilibration water with a §°H value of 335%o using a syringe (needle:
Sterican® G26, B.Braun, Melsungen, Germany) through a high temperature septum
(Trajan 041845, Victoria, Australia or Restek 27088, Bellefonte, PA, USA). After 0.25, 1,
4,16 and 64 h, the vessel was reconnected to the vacuum line and evacuated for 1 h in
the oven at 120 °C using the diaphragm pump during the first 15 min. Then, the samples
were evacuated for another 2 h at room temperature to cool down, reaching a vacuum
<1 Pa. Afterwards, we placed the vessel in the glove bag that we evacuated and flushed
with Ar (purity grade 4.8) twice. To depressurize the vessel to ambient air pressure, we

flooded the vessel with Ar at ~1.3 bar, dried with Sicapent (with indicator, Supelco,
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Merck). While the Ar continuously flowed into the vessel, we opened the vessel and
directly closed the capsules with a filed and extended concretor’s nippler (plier No. 99
10 250, Knipex, Wuppertal, Germany) inside the vessel. This was done in a way that the
tin of the capsules was not cut off but compressed to a gas-tight seal (Qi etal., 2010),
applying the same force to all capsules. This procedure was necessary to avoid even the
slightest contact of the sample with ambient air moisture, which is a prerequisite for the
correct determination of the H concentrations and §%H values.

For further equilibrations, we chose an equilibration time of 16 h (Figure 2.3). We
placed a maximum of 80 samples with an analyte mass of 1-2 mg, each, in the
equilibration vessel, corresponding to a ratio of equilibration water-H to exchangeable
sample-H >2000:1. We included triplicates of SCa-3 at the beginning and end of each
equilibration batch to test for a potential shift in 62H values because of diffusing
moisture during the sealing process of the samples at the end of the equilibration. For

quality control, we included KGa-2 and blanks in triplicates.
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£ -+ Mg-montmorillonite (SCa-3)
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Steam equilibration time [h]

Figure 2.3: Relationship between steam equilibration time and 6?H: values of clay minerals
and two clay separates (filled symbols) equilibrated with water with a 6Hw value of
335%o. Error bars show SD and might be smaller than the symbol size.

We used two to four waters with known §2H values (AWI-TD1: -266.4 + 0.8%o, SD

for n = 4 repeated measurements; laboratory water: -57.5 + 0.8%o, n = 3; medium
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deuterium-enriched water: 136.8 + 0.6%o, n = 3; highly deuterium-enriched water:
334.6 * 1.8%o, n = 4) to replace all exchangeable H in the sample with the H of the
equilibration water and to calculate the contribution of exchangeable H and the §2Hn
value. We produced the two deuterium-enriched waters by mixing 2H20 (HN81.4, Carl
Roth) and ultrapure water (Faghihi et al,, 2015). The treatment batches one and two
were equilibrated with two isotopically different waters and the third batch with four

waters.

2.2.5 Hydrogen isotope ratio measurement

The concentrations of H and §*H values were determined with an EA-Isotope Ratio
Mass Spectrometer (IRMS) (Flash 2000 HTC-Delta V Advantage, Thermo Fisher
Scientific). The samples were pyrolyzed in the chromium-filled A1203 reactor (Alsint
99.7, IVA, Meerbusch, Germany) at 1250 °C. We used the setup ‘A1’ described in Gehre et
al. (2017), but adapted it for a smaller inner diameter (7 mm) of the inner tube
(DEGUSSIT AL23, Friatec, Mannheim, Germany) with a 40 mm octagonal graphite
crucible (G52109.001E, OEA Labs, Exeter, UK). In combination with 2 x 5 mm smooth
wall tin capsules (IVA184990326, IVA), long sequences of up to 130-150 capsules were
possible. We renewed the Cr granulate (1-3 mm, 99+%, ChemPur, Karlsruhe, Germany)
after each sequence. The He carrier flow was 80 mL min-1 and the GC oven temperature
was 90 °C. The integrated peak area of m/z 2 and 3, calibrated against benzoic acid
(SA990747, IVA-Analysentechnik), was used to determine the H concentration. Tin
capsules did not show a measurable Hz blank. The correction factor for H3+ ions
produced in the ion source was ascertained before and after each carousel run using the
automated procedure of the IRMS software. For normalisation of the measured §*H
values of each carousel run, we used three international laboratory standards (Vienna
Standard Mean Ocean Water [VSMOW], SLAP and IAEA-604). Additionally, we used GISP
to test for correct normalisation and to rule out an influence of the halogen release from
the Cr-filled reactor on the H isotope measurements (Gehre et al., 2017). We purchased
all international laboratory standards from USGS (Reston Stable Isotope Lab, Reston, VA,
USA) packed in silver capsules (25 pL). We used polyethylene powder (PE; low density,
<400 um, 42607 Alfa Aesar, Ward Hill, MA, USA) as an internal laboratory standard for
sample bracketing and IAEA-CH7 (IAEA, Vienna, Austria) for quality control at the

beginning and end of each sequence. We did not notice drift or residual non-linearity of
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the EA-IRMS system. We corrected small memory effects with the help of a pool-wise
memory correction algorithm using one or two pools (Guidotti et al., 2013). Over the
duration of the experimental period, the PE-powder was measured at a mean §H value
0f-69.9 * 1.4%o0 (n =490), GISP at -188.8 * 1.9%0 (n = 72) and IAEA-CH7 at-100.3

+ 1.5%o (n = 88). The values were indistinguishable from the certified or recommended

values.

2.2.6 Data evaluation

We corrected isotope data and performed statistical analyses with R, version 4.1 (R
Core Team, 2021; Wickham et al., 2019). We normalised all stable H isotope ratios to the
VSMOW-SLAP scale (Paul et al,, 2007) and expressed them in %o relative to VSMOW.
When the §?Hw value was >0%o, we extended the scale with IAEA-604 to 799.9%. All
errors are given as one SD.

We assumed that there is no equilibrium fractionation between the exchangeable
H and water-H of the vapour, that is, we assumed a fractionation factor aex-wof 1. The
fractionation factor oex-w is a temperature-dependent material constant, which is
difficult to determine. Therefore, it is common practice to use preliminary values for
organic materials (Qi & Coplen, 2011; Ruppenthal et al., 2010, 2013, 2015; Sauer et al,,
2009; Soto et al,, 2017; Wassenaar & Hobson, 2000, 2003). While for some clay minerals,
several fractionation factors are available for the equilibrium fractionation between clay
mineral H and ambient water-H at the time of mineral formation (Gilg & Sheppard,
1996; Liu & Epstein, 1984; Méheut et al., 2010; O’Neil & Kharaka, 1976; Savin & Epstein,
1970b), we do not know of any reported fractionation factor between exchangeable H in
clay minerals and steam-H at 120 °C.

We used the regression equation of the known 62Hw values on the measured §2H¢
values to determine 62Hn values and the contribution of the exchangeable to the total H
concentration in the clay minerals and soil clay fractions (xe; Feng et al,, 1993; Filot et al,,
2006; Ruppenthal et al., 2010, 2013, 2015; Sauer et al., 2009; Equation (2.1)).
8*Hy = Xe Oexw 0°H,, + (1 —x.)6%H, + 1000 . (dtex—yw — 1) (Eq.2.1)

The slope is the product of xe and aex-w and the interceptis (1 — x,)8%H,, +

1000 X, (0tex—w — 1).Assuming dex-w = 1 and using 6°H, from the regression line for

&*H,, = 0, Equation (2.1) is rearranged to calculate §2H, (Equation (2.2)).

intercept
1-slope

§?H,, = (Eq. 2.2)
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Using Gaussian error propagation for Equation (2.2), we estimated the SD of the

8%Hn values with Equation (2.3), neglecting covariance of slope and intercept.

1 2 int t 2
SD = \/( SDintercept) + (M : SDslope) (Eq. 2.3)

1-slope ' (slope—1)2

We removed samples that after the equilibration came into contact with
atmospheric humidity. We detected such samples by (a) visual inspection for holes and
(b) the absence of an Ar peak after the Hz peak in the EA chromatogram. Steam
equilibrations of the same sample with isotopically different waters need to result in the
same contribution of exchangeable H to the total H concentration (same xe). Moreover,
(c) we removed as outliers individual samples for which H concentrations and the
residuals of the equilibration line fell 0.5 times outside the respective interquartile
range of all other equilibrations of the same sample.

Because it was not possible to entirely remove all SOM from the clay fractions, we
corrected the measured 62H values by mathematically removing the influence of the
SOM on the 62Hn values of the clay minerals and soil clay fractions. Based on the known
locations of the three study soils, we took the mean annual 62H value of the local
precipitation (62Hp) from Bowen and Revenaugh (2003) and Bowen (2021) (Table 2.2).
Then, we used the regression function of Ruppenthal et al. (2015) to determine the 62Hx
value of SOM and calculated the §2Hx value of the inorganic clay fraction (82Hn, inorg. clay)

with Equation (2.4).

‘SZana —n 62Hn .
8%Hpinorg.clay = —— g%, with §*Hp som = 1.25 §7H,, — 34 (Eq. 2.4)
—In,SOM

where 62Hn, clay is the measured §2Hn value of the clay fraction. In this approach, we

assume that the clay separation procedure did not change the §2Hx value of the SOM.

2.3 Results

2.3.1 Adaptation of the steam equilibration method

In the first step, we determined the optimum equilibration time (Figure 2.3). In our
experiment, the §°H; values of the equilibrated samples did not fully reach a plateau
after 64 h, but changed little beyond 16 h. The linear regression of the §*H; value of our
samples on the §2H values of the equilibration water consistently resulted in coefficients
of determination >0.99 (Figure 2.4). Only USGS58 muscovite had an R? value of 0.82,

which we consider a statistical artefact resulting from the small slope of only 0.009
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(Figure 2.5). The accuracy of our §°H measurement was tested with the USGS57 biotite
and USGS58 muscovite standards (Table 2.3). Our §?H values were statistically
indistinguishable from the results of Qi et al. (2017) illustrating the high accuracy of our
02Ht measurements. Our 62Hn measurements show that the reference material USGS57
biotite after equilibration at 120 °C for 16 h has an exchangeable H pool size of 4.4% of

the total H concentration.

Table 2.3: Stable H isotope ratios of total (§°H) and non-exchangeable H (§°Hy), contribu-
tion of non-exchangeable H to total H concentrations and total H concentrations of the
USGS mineral reference materials.

Mineral  Treatment or origin 8%H = SD 8?Hn+SD  Exchangeable H N Total H
[%o] [%o] D [%] [mgg?]
Data from Qi etal. (2017) -91.5+2.4 24 416+0.02 4
Biotite Original sample, air dried -93.8 + 1.7 3 432+0.09 2
After steam equilibration -953+09 44+0.2 3 413+0.02 3
Data from Qi etal. 2017  -28.4+1.6 24 448+0.02 4
Muscovite Original sample, air dried -31.3 +0.9 3 4.68+0.02 2
After steam equilibration -30.7+14 1.1+06 3 4.69+0.02 3

Note: Errors are SD. Replicate measurements (n) refer to the preceding column.

The precision of the §2Hn measurements of the three soil clay fractions ranged
from +0.6%o for Oso to +6.9%o for KA-1 (1 SD); the precision of untreated bulk
samples of clay minerals ranged from *£0.9%o for kaolinite to +7.5%o for Mg-
montmorillionite (all n = 3; Table 2.4). The kaolinite had the smallest exchangeable H
fraction of all studied clay minerals and the Oso clay fraction of all studied soil samples.
In contrast, the swellable vermiculites and montmorillonite contain less structural H and

much more exchangeable H than kaolinite.
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separates (dashed line) of clay minerals (a-e) and three different soil clay separates (f).
Shaded areas illustrate 68% CI.
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Figure 2.5: Regression lines of the 6°H: values of equilibrated samples on the 6°Hw values of
the equilibration waters for the standards USGS57 biotite and USGS58 muscovite. Each
point originates from an independent equilibration batch, measured in a separate isotope
ratio mass spectrometry sequence. Error bars show SD (n = 2-3) of samples measured in
the same equilibration batch and might be smaller than symbol size. Shaded areas illus-

trate 68% Cls.

2.3.2 Effect of the clay separation on the §2H, values of clay minerals

The 82Hn values of the clay mineral samples, which we carried through the clay
separation method, fell close to the 1:1 line, when plotted against the 62Hx values of the
untreated samples, except for the vermiculite (Figure 2.6). With our treatment, we only
collected 1% of the bulk sample in the clay fraction of the vermiculite (Table 2.4). As a
consequence, the §2Hy value of the clay fraction of vermiculite was not representative of

the bulk vermiculite. Therefore, we additionally measured the §2Hx values of the ‘<silt’
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Table 2.4: Mean stable isotope ratios of non-exchangeable H (§°H, values) with propagated
SD, total H concentrations, contribution of non-exchangeable H to total H concentrations and
cumulative yield of the grain-size fractionation procedure.

Bulk Clay fraction
Name Batch 62Hn, bulk Total H Exchangeable Grain- Vield 62Hn, cay Total H  Exchange-
+SD conc. H pool size +SD conc. able H pool
[%oo] [mggt] [%] fraction[g] ~ [%]  [%o] [mggt] [%]
1 -1388+24 5.5 17.0 24 16 -1361+14 63 10.1
Mlite 2 -1403+28 5.6 15.9 Clay 15 11 -1288%2.6 6.3 6.9
3  -1368+33 53 17.0 24 13 -1293+36 6.2 9.2
1 -624x05 161 8.6 172 79 -635+%15 16.3 7.7
Kaolinite 2 -615+13 164 7.9 Clay 112 84 -61.6+08 164 6.1
3 -61.0+08 168 8.7 145 83 -61.2+14 165 7.3
1 -1025+%33 7.7 65.4 9.2 92 -1008%62 7.2 341
Mg-mont-
orillonite 2 -1074= 8.2 61.9 Clay 71 94 -1033+24 76 321
3 -926+144 8.0 64.5 81 93 -962x63 73 30.6
1 -1334+14 6.1 23.4 72 78 -1329+36 6.6 9.3
Na-mont-
orillonite 2 -1402+28 7.0 21.7 Clay 57 81 -1323+14 6.8 10.0
3 -1334z*62 68 22.8 64 79 -1289+32 65 10.4
1 193 94  -105.0%9.2 78 50.4
2 Sand 235 95 -980%51 78 444
3 234 94 -995+81 6.8 48.4
1 11 5 -123.5+14.6 89 453
Vermiculite 2 sSilt 1.0 4 -1209+64 88 444
3 13 5 -119.8+ 119 89 439
1 -101.8+9.4 12.2 66.7 02 1 -1253+99 87 442
2 -96.6+124 119 67.1 Clay 02 1 -127.7+6.6 8.7 39.0
3 -928+99 124 67.7 03 1 -1223+7.2 86 36.7
1 131 51 -107.6+4.2 115 36.0
KA-1 2 Clay 74 52 -101.3+12 111 35.0
3 105 54 -941+69 11.3 34.7
1 40 6 -111.9+2.7 10.6 23.0
KA-2 2 Clay 09 5 -107.3+44 9.7 23.0
3 13 6 -106.7+4.1 88 24.6
1 52 13 -994%17 10.5 18.1
Oso Clay 46 12 -983%13 10.7 18.7
47 12 -99.2%29 10.0 17.2

Note: The subscript ‘bulk’ refers to the bulk soil and ‘clay’ to clay fraction, ‘<silt’ indicates that our silt fraction still in-

cluded some clay, because of imperfect separation.
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and sand fractions of the vermiculite and calculated a mass-weighted mean of the 62Hx
values of the grain-size fractions. The resulting calculated 2Hx value of the bulk vermic-
ulite was similar to that of the untreated sample, illustrating that the clay separation
method did not influence the 62Hn value of the clay fraction (Figure 2.6). The 62Hn values
of the soil clay fractions and bulk clay minerals of kaolinite, the two montmorillonites
and the directly measured and from the grain-size fractions calculated bulk values of

vermiculite were not significantly different between the untreated sample and the clay

fraction (t-test, p =2 0.09).
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Figure 2.6: Relationship between the 6°Hn values of untreated bulk clay minerals and those
of the clay fraction of kaolinite, illite, Mg- and Na-montmorillonite and vermiculite col-
lected with a clay separation method (“treated”) is shown with white filled symbols. For
vermiculite, the bulk 5°Hn value calculated from the separate measurements of the clay,
‘<silt’ (includes some clay) and sand fractions is additionally shown with gray filled symbol.
Error bars show the standard deviation (n = 3, each per treatment batch). For the calcu-
lated bulk value of vermiculite, the standard deviation was calculated by Gaussian error
propagation from the individual error of the three particle-size fractions.

Because it was not possible to entirely remove SOM from the soil clay fractions, we
had to consider the influence of non-exchangeable H in the remaining SOM. The

maximum residual organic C concentration in the clay fractions was 35.7 g kg-1 (Table
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2.5). The organic C concentrations in three of the eight clay fractions including two of the
three soil clay fractions were lower than in the bulk samples. This illustrates that the
organic matter concentration had been reduced considerably in three samples but less
so in the other five ones. To assess the influence of C-bonded H in organic matter on our
02Hn values of the three soil clay fractions, we assumed a conversion factor of 2 from
organic C to SOM, a H concentration of 50 g kg1 organic matter (Rice & MacCarthy, 1991;
Ruppenthal et al,, 2013) and a share of non-exchangeable H to total H of 80%
(Ruppenthal et al., 2013; Schimmelmann, 1991; Wassenaar & Hobson, 2000). Based on
these considerations, the non-exchangeable H from organic matter contributed 15%-
34% to the total non-exchangeable H in our three soil clay fractions. This estimate is
based on the assumption that the clay separation procedure did not change the 62Hn
values of the organic matter. Moreover, we assumed that the linear relationship between
the 82Hn values of SOM and the modelled 62H values of the precipitation found for
Argentina by Ruppenthal et al. (2015) is also representative of our samples. Our
correction of the §2Hn values of the soil clay fractions by the contribution of the
nonremoved SOM only affected the §2Hn value of one of our three soil samples, Oso,
more than marginally. In the Oso sample, the corrected §2Hn value was shifted by 15%o

(Table 2.6).

Table 2.5: Means and SD (n = 2-3) of organic C concentrations in bulk soils (subscript
‘bulk’) and the clay fraction (subscript ‘clay’), potential cation-exchange capacity (CECpot)
in bulk soils and clay fractions, dithionite-citrate-bicarbonate-soluble Fe concentrations
(Fed) and contributions of grain-size fractions to the total sample mass.

S ) Corg, bulk CECpot, bulk Feq Sand Silt Clay Corg,clay CECpot, clay
ample

[mggl] [mmolckg!] [mggl] [Mass-%] [Mass-%] [Mass-%] [mgg1] [mmol. kg1]
Mg-mont-

0.4+0.02 1113 +37 06+00 1x04 11+4 88+4 0.5+0.1 n.a.
morillonite
Illite 0.6+0.01 89+9 89+0.1 49+57 32+3 209 0.8+0.1 n.a.
Kaolinite 0.2+0.01 29+4 1.2+01 1x04 163 84+2 0.5+£0.0 n.a.
Na-mont-

1.2+02 743+12 35+02 2+0.2 13+4 85+4 0.5+£0.1 n.a.
morillonite
Vermiculite 0.1+0.05 n.a. 06+01 91+x04 61 3+1 3.6+1.0 n.a.
KA-1 57.7+0.6 247 +22 75+07 10+11 2510 6510 135+1.7 296+12
KA-2 22502 576 41+£02 62+29 22+7 16+7 302+3.7 144+3
0Oso 619+22 89+3 94+01 3410 521 150 357+24 12111

Abbreviation: n.a., not available.
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Table 2.6: Mean 6?°Hn values of the clay fractions (subscript ‘clay’), the soil organic matter
(subscript 'SOM’) and 6?Hn values in the clay fractions corrected by the C-bonded H contri-
bution of residual soil organic matter (6?Hn, inorg.clay)-

San, clay + SD fH,SOM SZHn, SOM 82H n, inorg.clay
Sample
[Yo] [-] [%o] [%o]
KA-1 -101.0+6.8 0.149 -106.5 -100.0
KA-2 -108.6 £ 2.8 0.326 -106.5 -109.7
Oso -99.0+£ 0.6 0.334 -129.0 -83.9

Note: fusom is the contribution of H in soil organic matter to the total non-exchangeable H concentration.

2.4 Discussion

2.4.1 Adaptation of the steam equilibration method

Our observation that the §2H; values of the equilibrated samples did not fully reach
a plateau after 64 h (Figure 2.3) is in contrast to the findings of Wassenaar and Hobson
(2000) and Ruppenthal et al. (2010) for organic materials and bulk soil for which a
plateau was already reached between 1 and 2 h. However, a similarly slow increase of
the §?Hcvalues with time during vacuum drying at constant temperature was observed
for some clay minerals (Faucher & Thomas, 1955; O’Neil & Kharaka, 1976). Likewise,
Schimmelmann et al. (2006) reported an asymptotic convergence to a plateau for
kerogen-H. Thus, full equilibrium of the clay minerals with the steam occurs only at
equilibration times, which are not feasible for routine measurement. Therefore, we
decided to run our equilibration for 16 h, because after 16 h the change in the §*H; value
was only minor. Thereby, we accept that our §*Ha values include some strongly bound
interlayer water of phyllosilicates. We consider the associated error as acceptable,
because the alternative vacuum-drying methods using constant drying temperatures of
100-250 °C (Bauer & Vennemann, 2014; Gilg et al., 2004; VanDeVelde & Bowen, 2013)
also leave an unknown concentration of non-structural H in the sample. The latter is
particularly true if the sample consists of a mixture of minerals, which commonly occurs
in soil clay fractions. This is related to the fact that the drying temperature required to
remove all non-structural H depends on the type of mineral, which has been shown with
the help of thermogravimetric analyses (Beyer & von Reichenbach, 2002; Brigatti et al.,
2013; Guggenheim & Van Groos, 2001; Joussein et al., 2005; Steudel, 2008). Moreover,
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dehydration and dehydroxylation ranges may even overlap for some clay minerals, such
as palygorskite (Heller-Kallai, 2013).

Our finding that the biotite standard contained some exchangeable H (Table 2.3)
might result in a small variation of the 62H values measured in different laboratories at
different temperatures if the contribution of exchangeable H is not eliminated as in our
approach. However, the size of the exchangeable H pool might even be smaller at room
temperature.

We attribute the high precision of the §2Hn value of kaolinite and the Oso clay
fraction to their large structural H fraction and a corresponding small exchangeable H
fraction (Table 2.4). In turn, the bigger error of the 62Hn measurements of the swellable
vermiculites and partly also the Mg-montmorillonite is attributable to the large
exchangeable H fraction (Table 2.4).

We observed large differences between the §2Hn values of clay minerals in our
study and 82H: measurements of the same material in other studies (A%Hx.-¢). For
untreated Mg-montmorillonite (SCa-3), the A%Hn-t value was -18%o and for illite (IMt-1
vs. IMt-2 from the same origin) -36%o compared with the results of VanDeVelde and
Bowen (2013), which we estimated from a figure. For the treated clay fraction of Na-
montmorillonite (SWy-1 vs. SWy-3 from the same origin), the A*Hn.c value was 14%; in
both cases, relative to the §2Htvalue for the fraction <2 pm before leaching of Menegatti
etal. (1999) and the 62H:of the clay fraction of Fagan (2001), which was similarly
treated as ours. We attribute these differences to the fact that the exchangeable H
fraction, which ranged from 17% to 64% of the total H concentrations in the three clay
minerals (Table 2.4), was less completely removed than in our study, before the §*H
values were determined by Menegatti et al. (1999), Fagan (2001) and VanDeVelde and
Bowen (2013). However, our 62Hx value for treated Na-montmorillonite (SWy-3) was in
close agreement with the measurement of Kanik et al. (2022) of Na-saturated SWy-1
from the same origin, which was similarly treated as ours, showing a A*Hn- value of only
0.5%o. Likewise, the result of Bauer and Vennemann (2014) using 200 °C vacuum drying

for untreated SWy-1 was close to ours with a A?Hn- value of -1%so.

2.4.2 Effect of the clay separation on the 82H, values of clay minerals

The recovery of only 1% of the bulk sample in the clay fraction of the vermiculite

(Table 2.4) was much lower than the 10% reported in the literature (Steudel et al,,
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2009). The major reason for our low yield of the clay fraction was the fact that part of
the clay fraction was included in the silt fraction, which we accepted to speed up the clay
separation process. We cannot rule out that the H202 treatment to remove SOM resulted
in some swelling of vermiculite moving part of the clay fraction to a larger particle-size
class (Obut & Girgin, 2002; Uggiil & Girgin, 2002; Vala§kova & Martynkov4, 2012). A
similar influence of the particle size on the 62H values, like for our vermiculite, was
reported for biotite and muscovite (Qi et al., 2014, 2017).

However, macrocrystalline vermiculite originating from a clay deposit differs
mineralogically from pedogenic vermiculites in soil clay fractions (Douglas, 1989). The
macrocrystalline vermiculite possesses an exclusively trioctahedral structure, includes
crystals from sand to clay size, and the OH-dipole of the hydroxyl groups is oriented
perpendicular to the sheet plane (Malla, 2002). The usually submicroscopic soil
vermiculite can be di- and trioctahedral (Jasmund & Lagaly, 1993). Particularly,
dioctahedral vermiculite occurs frequently and is usually smaller than medium silt size
(Malla, 2002). Moreover, the OH-dipole of the hydroxyl groups in soil vermiculite is
oriented oblique to the dioctahedral sheet plane causing different cation interactions
(Malla, 2002). Finally, the potential swelling of vermiculite in our H202 treatment is less
pronounced for microcrystalline soil vermiculite than for macrocrystalline vermiculite
from a clay deposit. Therefore, the used macrocrystalline vermiculite is likely not
representative for soil vermiculite, so that we consider the observed shift in §2Hx values
between the bulk vermiculite and its clay fraction as irrelevant for soil clay fractions.

Our finding that there was no effect of the treatment of the samples with H202 on
the 82Hn values of the clay minerals contrasted with reports of Hyeong and Capuano
(2000) and VanDeVelde and Bowen (2013). We therefore speculate that in the previous
work, the apparent effect of the H202 treatment on the 62H values of the treated samples
was attributable to re-adsorption of air moisture after drying.

The finding that the organic C concentrations in three of the eight clay fractions
were lower than in the bulk samples (Table 2.5), although the clay fraction usually
contains a higher organic C concentration than the bulk sample (Eusterhues et al., 2005;
Kaiser et al., 2002; von Liitzow et al., 2007) underlines the general efficacy of the H202
treatment. In our approach to mathematically remove the influence of the remaining
SOM in the clay fractions after the H202-treatment (Equation (2.4), Table 2.6), we

assumed that the clay separation procedure did not change the §2Hx values of the
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organic matter. However, Leifeld and Kogel-Knabner (2001) observed that the H202
treatment attacks non-polycyclic aromatic (e.g., lignin) and O-substituted aliphatic
compounds (e.g., sugars) more than alkyl-C, while Mikutta et al. (2005) reported that an
H202 treatment enriches aliphatic and pyrogenic compounds, which includes polycyclic
aromatic compounds. Von Liitzow et al. (2007) found that SOM was not degraded by
H20: if it was protected by hydrophobic SOM moieties such as alkyl-C and black carbon.
We are not aware of any study quantifying how this preferential removal of selected

organic compounds influences the §2Hn values of residual SOM.

2.5 Conclusions

The steam equilibration method previously used for bulk soils and SOM can be
used for precise measurements of §2Hx values in clay fractions of soils and clay minerals,
provided the contact of the clays with ambient air humidity after equilibration can be
entirely avoided. To achieve this, the samples must be handled in a water vapour-free Ar
atmosphere. This technique should be universally applicable to other hygroscopic
materials. Thus, our first hypothesis is supported.

We did not detect a significant effect of the classical clay fractionation treatment
including removal of Fe oxides and carbonates, reduction of SOM and dispersion of the
remaining material on the 62Hx values of clay minerals. However, the incomplete
destruction of SOM required a correction of the data, which relied on the unproven
assumption that the H202 treatment did not change the §2Hx values of the SOM.
Therefore, we consider our second hypothesis as only supported with this constraint.
Future work should focus on a more complete destruction of SOM that does not change

the 8§2Hn values of the soil clay fractions.
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Abstract

Stable isotope ratios of hydrogen (8%H values) in local meteoric water correlate
with those of nonexchangeable H (§°Hx) in bulk soil and organic matter, allowing for
probabilistic spatial assignments to soil samples. We hypothesized that there is a similar
correlation between the 6*H values of local meteoric water and the §*Hn value of soil
clay fractions. The H pool of topsoil clay fractions is usually dominated by pedogenic clay
minerals, which contains structural hydroxyl-H, preserving the §*H values of ambient
water at the time mineral formation. We applied a steam equilibration method with
water vapors of known §%H values to determine 8%Hx values in soil clay fractions by
eliminating the influence of easily exchangeable H. We collected topsoil samples from 24
locations on five continents with a wide variation in §%H values of meteoric water. To
calculate §*Hn values via steam equilibration the equilibrium fractionation factor
between exchangeable H in the clay fractions and equilibration waters (aex-w) is needed,
which is, however, unknown. We therefore assessed the effect of dex-w values from 1 (no
fractionation) to atex-w = 1.08, which has been used in steam equilibration approaches of
organic matter and bulk soil, on the §%Hx values of soil clay fractions. The §*°Hn values of
the clay fractions ranged from -167 + SD 1% for a northern Siberian sample to
-44 + 4%, in western Kenya for aex-w=1 and from -191 # 3 to -81 * 4% for atex-w = 1.08.
The §%H values of local meteoric water correlated significantly with the §*Hn values of
the clay fractions (r = 0.85 for aexw =1 and 0.65 for aexw=1.08, p<0.001). A multiple
regression model including hillslope as a possible measure of the accumulation of clay
minerals with a slightly different §*Hn value from nearby locations by eolian or aqueous
transport in addition to the mean seasonal 6%H values of local meteoric water explained
up to 89% of the observed variation in §*H values of the clay fractions. Our results
demonstrate that the §%Hn values of soil clay fractions are driven by the §*H values of
local precipitation on a global scale, irrespective of the used aex-w value and influenced
by the mineral type. Overcoming previous methodological limitations opens up
opportunities for probabilistic spatial assignments of unknown organic matter-poor
topsoil samples, applications to paleosoil problems or to experimentally track clay

mineral neoformation in soils by tracer experiments.
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3.1 Introduction

The global water cycle distributes hydrogen isotopes unevenly. Since the 1960s,
the Global Network of Isotopes in Precipitation (GNIP) surveys this distribution by
sampling meteoric water (i.e., rain, dew, hail, and snow; IAEA, 2014). Based on the GNIP
data, several studies have reported the modeled long-term distribution of hydrogen
isotopes on Earth. Because organisms rely on meteoric water to build up tissue, the H
isotope composition of organic matter reflects that of local meteoric water. Usually,
there is a process-specific offset of the §2H value between the meteoric water and the
nonexchangeable H pool of individual chemical compounds or bulk soil organic matter
(Wassenaar and Hobson, 1998; Bowen et al., 2005b; Ruppenthal et al., 2015; Werner et
al,, 2016). In soil organic matter, only C-bonded H conserves the H isotope ratio of its
time of formation as nonexchangeable §°H (6°Hx) value, while H bonded to functional
groups involving N, S and O is exchangeable. This exchangeable H pool changes its
isotopic composition in contact with ambient water or vapor quickly and thus must be
eliminated to determine the §*°H, values of materials that contain both, exchangeable
and nonexchangeable H such as bulk soil organic matter (Schimmelmann et al., 1999;
Wassenaar and Hobson, 2000). The §*Hn values of organic substances including
collagen, keratin, cellulose or microbial tissue extracted from unburied terrestrial
surface environments such as topsoils have previously been used to trace these
substances to their likely origins in the H isoscape (West et al.,, 2010).

Already in the 1970s, a relationship between the §2H values of meteoric water and
those of clay minerals in soil was observed and attributed to the in-situ formation of clay
minerals in equilibrium with the H of ambient water (Savin and Epstein, 1970; Lawrence
and Taylor, 1972). The latter correlation was close for kaolinite but less close and
disputed for montmorillonite formed by pedogenetic processes in soil, which was
attributed to variations in the chemical composition of montmorillonite (Lawrence,
1970; Lawrence and Taylor, 1971; Sheppard and Gilg, 1996). Up to now, methodological
limitations prevented a further analysis of the relationship of the §°Hx values of
montmorillonite and other highly hygroscopic clay minerals with the §*H values of
meteoric water (Sheppard and Gilg, 1996; Gilg et al., 2004). Because similar to soil
organic matter, the H in clay minerals can be exchangeable (adsorbed water on inner

and outer surfaces and superficial OH groups) or nonexchangeable (structural water in

70



3 GLOBAL DISTRIBUTION OF NONEXCHANGEABLE STABLE HYDROGEN ISOTOPE RATIOS OF TOPSOIL CLAY FRACTIONS

the interior of the mineral lattices). The early approaches reduced the influence of
exchangeable H by vacuum drying at temperatures of 100-250 °C, which (partly)
removes adsorbed water. It can be expected that different temperatures remove
different fractions of the adsorbed water, which might moreover also vary among
different minerals, so that any H isotope ratio measured with these methods is specific
for the used drying temperature (Marumo et al., 1995; Gilg et al., 2004). In addition to
the uncertainty created by different drying procedures, there is a risk of rehydration and
uncontrolled H isotope exchange by contact with ambient air during the transfer of
vacuum-dried samples to the stable isotope measurement, which might have introduced
errors into some reported results (Gilg et al., 2004; VanDeVelde and Bowen, 2013; Bauer
and Vennemann, 2014; Kanik et al., 2022). These methodological limitations prevented
the reliable measurement of the 62H value of the nonexchangeable H pool in clay
minerals and soil clay fractions and thus also the establishment of an isotopic
relationship between meteoric water and the structural H. Such a relationship would
allow for a probabilistic spatial assignment of soil samples in the isoscape of meteoric
water, opening up new opportunities in environmental forensics. Other research
opportunities might lie in the comparison of soil samples formed during different
climatic conditions such as interstadial and interglacial soils, in which the climate-
determined stable H isotope ratio of meteoric water is conserved in the
nonexchangeable H pool of clay minerals. In tracer experiments using 2H-labeled water
in the laboratory or by the exchange of soil monoliths between regions with distinctly
different 62H values of meteoric water, the clay mineral (neo-)formation might be
followed.

In a recent study, Merseburger et al. (2022) adapted and tested the steam
equilibration method of Ruppenthal et al. (2013) for clay minerals and soil clay
fractions. In this method, the samples were equilibrated with vapors of waters with
known H isotope composition. As a result, all vapor-accessible and exchangeable H
assumed the isotope signature of the equilibration water. The latter enabled in the next
step to calculate the contribution of exchangeable H to the total H pool and the §*Hn
values of the sample by regression of the measured §%H values in the equilibrated
samples on the known 6%H values of the equilibration waters (Egs. 3.1 and 3.2).
Merseburger et al. (2022) avoided rehydration and thus an unwanted post-equilibration

H isotope exchange with atmospheric water by airtight closing of the samples in tin
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capsules under an Ar atmosphere. Using this technique, Merseburger et al. (2022) did
not detect a significant effect of the classical clay fractionation treatment including
removal of Fe oxides and carbonates, reduction of soil organic matter and dispersion of
the remaining material on the 62Hx values of kaolinite, illite, vermiculite and Na-
saturated and Mg-rich montmorillonite.

Ruppenthal et al. (2010) found a correlation between the local mean annual §°H
values of meteoric water and the 8%H, values of a global set of bulk soil samples, which
was less close than that with the §?Hy, values of demineralized soil organic matter
(Ruppenthal, 2014; Ruppenthal et al., 2015). Ruppenthal et al. (2013) used HF in
combination with a recovery procedure for solubilized organic matter and could show
that this procedure did not change the stable H isotope ratio of nonexchangeable C-
bonded H. This finding suggested that the §°Hn values of mineral components of the soil
had generally a poorer relationship with the §*H values of meteoric water than organic
matter or that different minerals showed different relationships resulting in scatter
introduced by different mineral compositions. In addition, different ratios of the
concentrations of C-bonded, nonexchangeable organic H to those of mineral-bound
nonexchangeable H could also have contributed to the poorer relationship. In soils,
which are frozen for a longer time, chemical weathering and thus clay mineral formation
might be largely restricted to the seasonally nonfrozen period, because mineral
formation depends on temperature and the availability of liquid water (Folkoff and
Meentemeyer, 1985; Richards and Kump, 2003; Maher, 2010, 2011). Below the freezing
point, chemical weathering occurs at a slow rate (Chuvilin et al., 1998; Borden et al.,
2010; Lessovaia et al,, 2021). Thus, when assessing the relationship between 8%H values
of precipitation and 8*Hn values of soil clay fractions including periglacial soils, the
seasonal mean §2H values of meteoric water could be more important than the annual
ones.

To eliminate the influence of soil organic matter (SOM) on the §°Hx values of
pedogenic clay minerals, SOM must be removed, which is commonly done by treatment
with H202 (Hyeong and Capuano, 2000; Gilg et al., 2004; Bauer and Vennemann, 2014).
Unfortunately, the SOM removal can be inefficient and selective, especially for samples
with a high clay content (Kaiser et al., 2002; Eusterhues et al., 2003; von Liitzow et al.,
2007). The H202 treatment removes alkyl-C and aliphatic compounds more completely

than aromatic (e.g., lignin) or O-substituted aliphatic ones (e.g., sugars; Leifeld and
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Kogel-Knabner, 2001; Mikutta et al,, 2005). Therefore, a small contribution of residual C-
bonded H to the nonexchangeable H pool of the clay fractions may be unavoidable.
However, in previous 8§?H studies of clay fractions, the contribution of C-bonded H to
total nonexchangeable H was evaluated and found to be small (Fagan, 2001;
Merseburger et al., 2022).

During steam equilibration, exchangeable H is replaced by H of the water vapor, a
process that possibly involves equilibrium fractionation of the H isotope ratio with a
fractionation factor aex-w. Equilibrium can be assumed, because Merseburger et al.
(2022) tested the time-dependency of the 62H value of the steam-treated sample and
found that there were almost no changes after a treatment duration of 16 h, which was
then suggested as the standard approach. Schimmelmann (1991) found an aex-w value of
1.08 for exchangeable H in cellulose, which has thereafter been widely used to
determine §%Hx values of soil organic matter by steam equilibration assuming that the
aex-w value found for cellulose is representative for organic matter (Wassenaar and
Hobson, 2000, 2003; Sauer et al., 2009; Ruppenthal et al., 2010, 2013, 2015; Soto et al,,
2017). Other studies that applied steam equilibration to organic materials and clay
minerals neglected equilibrium fractionation thus assuming an aex-w value of 1 (Bowen
etal., 2005a; Chesson etal., 2009; Qi and Coplen, 2011; Merseburger et al., 2022).

The aex-w value needs to be distinguished from the H isotope fractionation factor
between ambient water and nonexchangeable H in the clay mineral (tmin-water). A
variation of the amin-water values among different clay minerals will blur the potential
relationship between the §2H values of meteoric water with the §*Hx values of clay
fractions in unburied topsoils if the clay fractions contain a mixture of different
minerals. The Omin-water Value for kaolinite is consistently reported as 0.97 in several
studies (Savin and Epstein, 1970; Lawrence and Taylor, 1972; Marumo et al., 1980; Gilg
and Sheppard, 1996; Méheut et al., 2010). Savin and Epstein (1970) suggested an
Omin-water Value of 0.93 for montmorillonite, while in other studies 0.97 was reported for
montmorillonite and illite (Lawrence, 1970; Lawrence and Taylor, 1972; Taieb, 1990;
Sheppard and Gilg, 1996). For glauconite, chlorite, mica and montmorillonite the
Omin-water Values varied with the octahedral iron concentration (Marumo et al., 1980;
Sheppard and Gilg, 1996; Hyeong and Capuano, 2004). The above reported omin-water
values were not determined experimentally but inferred from 62H values of clay

minerals formed in soils under near-surface conditions. The published amin-water values
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illustrate a small variation among different clay minerals so that we do not expect a
strong influence on the hypothesized relationship between the §2H values of meteoric
water and nonexchangeable H in topsoil clay minerals because of the variable clay
mineral composition.

The relationship between the §2H values of local meteoric water and the §%Hx
values of clay minerals could be influenced by study site properties such as hillslope or
physical and chemical soil properties. It is e.g., known that translocation processes such
as soil erosion might result in the accumulation of allochthonous (i.e., not in-situ
formed) clay minerals in colluvial soils (Heimsath et al., 2001; Ferrier and Kirchner,
2008; Schaub et al.,, 2009; Maher, 2010; Jin et al., 2010), which would then not bear the
local §*Hn values.

Our overall goal was to evaluate the relationship between the §%H values of local
meteoric water with the §°Hn values of a global set of soil clay fractions collected from
unburied topsoils, for which we assumed that the contribution of nonrecrystallized
rock-derived clay minerals was negligible. We furthermore only included mineral
topsoils (0-10 cm) that were not or in two cases (Gleysols) little influenced by
groundwater. We firstly hypothesized that modeled §%H values of local meteoric water
taken from a GNIP-based model (6°Hp) correlated with the §2Hn values of soil clay
fractions. We secondly hypothesized that the relationship of §?H values of local meteoric
water and the §*Hx values of soil clay fractions is influenced by (a) imperfect removal of
soil organic matter, (b) the chosen aex-w value needed for evaluating the results of the
steam equilibration method, (c) different clay mineral types as assessed via their cation-

exchange capacities and XRD analyses and (d) study site properties.

3.2 Material and methods

3.2.1 Samples

We used 30 unburied mineral topsoil samples from nine countries on five
continents that cover a wide range of topographical elevations and latitudes and thus
82H values of modeled local precipitation (Bowen and Revenaugh, 2003; Bowen, 2017;
IAEA/WMO, 2022; see Table 3.1 and Figure 3.1). All samples were taken from the upper
mineral horizon, mostly from the first 10 cm, and stored dark and dry for 1-28 years.

The soils covered a wide range of parent materials and soil types (Table 3.1). Twenty-
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eight of the sampled soils were entirely unaffected by groundwater but two were from
groundwater-influenced Gleysols. We collected the latter two samples from the
uppermost part of the soil with no or little signs of water influence. We selected 10
samples for mineralogical studies by X-ray powder diffractometry (XRD), which
represented both the range of §°H values of local meteoric water and the potential
cation-exchange capacity (CECpot). In addition, we made use of XRD mineralogical
analyses of topsoil samples from previous studies for samples PA-A9, EC-CAJ, EC-SF1,
and EC-BOM (Schrumpf et al., 2001; Messmer et al., 2014).
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Figure 3.1: Sampling locations and the mean seasonal §°H values of meteoric water for
months with a mean temperature > 0 °C (Bowen et al., 2005b; IAEA/WMO, 2022).
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3.2 MATERIAL AND METHODS

Table 3.1: Sampling location, topographic position, climatic conditions, §°H values and soil
properties. The mean §°H values of local meteoric water are shown for annual (§°Hp, annuai)
and seasonal precipitation (§°Hp, seasonal) obtained from the models OIPC3 and RCWIP2.

Ele-

. *Hpamuat  62Hpseasona
sample Country ~ Coordinates o S’I';ge MATe MAPe PETT 2% é © i 95% C1 8¢9§% o (gzg\[/;;;;‘;)‘h
! ZT §° (0IPC3)c  (OIPC3)
ZE =
[(]® [m] [ [°C] [mm] [%0]
AR-2A -34.061,-59.158 22 2 175 1026 1567 0.65 12 23+1 26+1 -33
AR-2B -34.060,-59.159 22 1 175 1030 1565 066 12 231 261 -33
AR-2C -34.061,-59.159 22 1 175 1030 1565 066 12 231 261 -33
AR-4A -36.147,-59.268 42 0 154 992 1426 070 12 281 302 -34
AR-5C -36.878,-59.837 153 0 143 930 1413 066 12 331 3343 -36
AR-10A -40.169,-64.518 102 0 148 266 1908 0.14 12 481 501 -33
AR-10B -40.169,-64.517 102 0 148 266 1908 0.14 12 481 501 -33
AR-10C A:ﬁlea“' -40.168,-64.518 103 1 148 266 1908 014 12 -48+1 50+1 -33
AR-14A -43.677,-65.722 248 0 123 186 1792 010 12 614 64+2 -44
AR-16A -45.526,-67.624 625 2 97 194 1742 011 12 844 -87+3 54
AR-17A -46.388,-68.895 632 7 101 170 1791 0.09 12 9343 9644 54
AR-19A -46.987,-70.691 736 7 85 155 1571 010 12 9745 974 -67
AR-19B -46.989,-70.691 729 7 85 155 1571 010 12 9745 974 -67
AR-19C -46.987,-70.691 731 7 85 155 1571 010 12 9745 974 -67
AR-20C -47.409,-70.200 967 2 75 180 1619 011 12  -102+6  -100+4 -70
DE-KA1 48.931,8.357 115 2 104 868 917 095 12 5842 5443 -62
DEKAZ MY 46962,8357 120 1@ 105 838 922 091 12 5842 5443 -62
EC-BOM -4115,-78968 1065 30@ 218 1267 1365 093 12 3942 40+6 -48
EC-CA]  Ecuador -4.108,-79.178 2867 20@ 131 1119 1142 098 12 669 649 72
EC-SF1 -3.975,-79.075 2057 30@ 163 911 1132 080 12 5445 5248 -60
KE-20 -0.633,35593 2386 10 147 1323 1427 093 12 5+3 916 -41
KE-38 Kenya  -0.493,35306 2025 4 173 1675 1632 1.03 12 02 T4 -36
KE-44 -0.311,35419 2231 19 158 1579 1514 104 12 422 9+5 -40
PA-A9  Panama  9.160,-79.838 112 10 263 2584 1684 153 12 371 3542 -19
RU-17 56.632,38.173 187 5 44 642 751 085 7 881 62+5 -95
RU-PS2  Russia  72.339,126291 41 0 -132 291 364 080 4  -167+12 -125%15 -152
RU-S20 56.455,84.772() 122 1 0.7 514 812 063 7 11244 83+5 -105
SK-0so  Slovakia 49.260,19.716® 1400 10 @ 28 1284 628 204 7 763 5342 -85
TH-M1  Thailand 13.890,100.592 2 1 285 1156 1812 064 12 431 3943 -33
UZ-K1 Uzt’;i‘is' 40.959,69.962™ 815 3 129 443 1621 027 11 4842 44£11 -58

Continued on the next page.

76
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Table 3.1: Continued.

Sample WRB Soil classification Depth  Corg N Corg/N pH Reference
[cm] [gkg]

AR-2A Phaeozem 0-10 16.3 1.7 9.8 5.3
AR-2B Phaeozem 0-10 19.1 19 10.1 4.8
AR-2C Phaeozem 0-10 18.6 1.9 9.8 5.1
AR-4A Phaeozem 0-10 18.9 1.8 10.2 5.2
AR-5C Chernozem 0-10 36.7 3.6 10.2 6.2
AR-10A  Solonetz 0-10 9.1 1.0 8.9 6.9
AR-10B  Solonetz 0-10 10.4 11 9.3 7.0
AR-10C  Solonetz 0-10 8.5 0.9 9.3 7.0 Ruppenthal etal. (2015)
AR-14A  Calcisol 0-10 4.2 0.8 5.2 6.6
AR-16A  Solonetz 0-10 12.8 1.4 9.2 6.8
AR-17A  Luvisol 0-10 19.1 1.4 139 6.6
AR-19A  Vertisol (eroded) 0-10 17.0 1.3 13.2 6.9
AR-19B  Vertisol (eroded) 0-10 13.1 0.9 13.9 7.1
AR-19C  Vertisol (eroded) 0-10 14.0 1.0 13.7 7.4
AR-20C  Planosol (Pseudogley) 0-10 22.6 1.9 121 6.1
DE-KA1 Vertic Eutric Gleysol 7-13 55.0 49 11.3 5.9

) Merseburger et al. (2022)
DE-KA2  Luvisol 0-12 20.3 1.3 15.3 6.1
EC-BOM Dystric Colluvic Cambisol ~ 0-25 24.3 1.9 12.6 4.6 Fabianetal. (2019, 2020)
EC-CA] Skeletic Dystric Cambisol 0-11 64.4 4.5 14.3 3.8 Fabian etal. (2020)
EC-SF1  Stagnic Dystric Cambisol ~ 0-15 222 13 174 43 l(:;‘g(‘;’z‘; etal. (2019), Wilcke etal.
KE-20 Humic Cambisol (&) 0-10 48.8 3.9 12.5 5.1
KE-38 Eutric Cambisol (8) 0-10 37.3 3.9 9.6 5.2 Ojoatre (2022)
KE-44 Eutric Cambisol (&) 0-10 48.4 4.4 11.0 5.7
PA-A9 Luvisol 0-10 28.2 2.9 0.1 6.5 Messmer (2014), Messmer et al. (2014)
RU-17 Albic Luvisol 0-30 21.6 1.7 12.5 6.7 Siewert (2001, 2004)
RU-PS2  Cryosol 0-8 77.8 5.2 15.0 4.9 Knoblauch etal. (2021)
RU-S20  Lamellic Luvisol 0-10 20.3 0.8 25.8 5.3 Siewertetal. (2004; 2009)
SK-Oso  Dystric Cambisol 0-10  60.0 44 136 3.6 ]gf:f thgé'z()w% 1998), Merseburger
TH-M1  Eutric Gleysol 05 231 22 105 7.2 g‘;g‘;r) etal. (1998; 2000), Wilcke etal.
UZK1  Haplic Calcisol 0-10 140 notavailable 7.8 ?;ggg)we etal. (2010), Shukurov et al.

n.a. is not applicable.

a Slopes were measured in the field. The other slopes are derived from ALOS Global Digital Surface Model ,ALOS
WORLD 3D - 30m*“ (version 3.2, Japan Aerospace Exploration Agency, 2021).

b Coordinates are in decimal degree WGS84, noted as north-positive latitude and east-positive longitude.

¢ OIPC3 is the Online Isotopes in Precipitation Calculator (version 3.1) from Bowen (2017) and Bowen and
Revenaugh (2003), “CI” is the confidence interval.

d Mean 8?H values of the mean annual meteoric water in months with a mean temperature > 0 °C (weighted by vol-
ume), “CI” is the confidence interval.

e MAT is mean annual temperature. MAP is mean annual precipitation. Data from the Worldclim dataset of the years
1970-2000 (Fick and Hijmans, 2017).

fPET is the annual average potential evapotranspiration for a reference crop. From Trabucco and Zomer (2019).
g From the Soil and Terrain database for Kenya (ISRIC World Soil Information, 2007).

hRCWIP2 is the Regionalized Cluster-Based Water Isotope Prediction model (version 2) from Terzer-Wassmuth et al.
(2021).
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3.2 MATERIAL AND METHODS

3.2.2 Clay separation, steam equilibration and hydrogen isotope ratio

measurement

We used the clay separation, steam equilibration and isotope ratio mass
spectrometry (IRMS) methods of Merseburger et al. (2022). In short, we first collected
the fine earth fraction of the soil samples by sieving the air-dry soil to <2 mm, including
gentle crushing of soil aggregates. From the fine earth we removed Fe oxides with the
dithionite-citrate-buffer (DCB) method of Mehra and Jackson (1960). To remove
carbonates, we used a Na-acetate acetic acid buffer adjusted to pH 4.8. To remove
organic matter, we added H202 in a water bath at 50 °C. After each sample treatment, we
removed water-soluble salts by washing with deionized water and measured electrical
conductivity (EC). Washing was repeated until the EC of the supernatants had reached
<400 pS/cm. We determined the grain sizes by pipet analysis according to DIN ISO
11277 (2002), but instead of a dispersion agent we used water with a pH of ~7.5. In this
water, we separated the grain sizes by a repeated sedimentation in 2-L cylinders. The
clay fractions (<2 pm) were precipitated with MgClz. A H202 treatment of the precipitate
reduced the organic matter concentration in the clay fractions further. After final
washings until the EC of the supernatant had reached <100 uS/cm, the clay fractions
were dried at 60 °C and pulverized. Merseburger et al. (2022) had shown that this
treatment did not change the 62H value of the nonexchangeable H pool (62Hn), while
possible changes of the §2H value of the exchangeable H pool did not matter, because we
removed the influence of the exchangeable H pool on the §2H, values by steam
equilibration with waters of known H-isotopic compositions (see below).

The 30 samples were distributed among four treatment batches. Each treatment
batch was processed in approximately 10-12 weeks. As quality check, we included the
sample SK-Oso in each treatment batch. Based on the repeated measurements of this
sample, we quantified the precision of our methods, which showed a relative standard
deviation (RSD, in % of the mean) of 2% for each of the sand, silt and clay contents, 2%
for the dithionite-citrate-extractable Fe concentration (Fed), 6, 5 and 4% for the C, N and
H concentrations, respectively and 5% for the potential cation-exchange capacity
(CECpot). As a measure for the spatial variation of the studied soils we analyzed three
samples from northern, central and southern Argentina (AR-2, AR-10, AR-19) in
triplicates (-A, -B and -C), collected in the field with approximately 100 m distance from
each other (Ruppenthal et al,, 2015, Table 3.1). The three replicate sites showed the
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same modeled §2H values of meteoric water. The three replicates were each treated in
separate batches, steam equilibration and IRMS measurement runs to guarantee
statistical independence and thus allow for statistical evaluation. For steam
equilibration, we weighed 1-2 mg of the clay fractions (<2 pm, collected by
sedimentation) into smooth-walled tin capsules. In previous work, both tin and silver
capsules were successfully used for H isotope ratio measurements (Qi et al., 2014; Gehre
etal, 2015; Oerter et al,, 2017; Schimmelmann et al., 2020). We chose Sn instead of Ag
capsules, because Sn is softer than Ag and thus can be more easily crimp-sealed so that
we could more reliably ensure that the capsules were air-tight. The samples were
vacuum-dried for 2 h at 120 °C. Then, we injected water of known isotopic composition
into the closed stainless-steel vessel. Following Merseburger et al. (2022) who found
that there were only little changes in the 62H value of the steam-treated sample after 16
h, we used this duration for steam-equilibration of our samples. This was followed by 1
h of vacuum drying at 120 °C and a 2-h cooling phase at room temperature (<1 Pa). We
transferred the vacuum chamber into a glove bag, flushed twice with dried Ar for a
moisture-free atmosphere. We sealed each of the up to 80 capsules in the vacuum vessel
with a gas-tight pressing in the Ar atmosphere so that some Ar was enclosed with the
sample. Later, we discarded all IRMS measurements of capsules, for which the thermal
conductivity sensor of the EA-IRMS could not detect an Ar peak after the Hz peak in the
gas chromatogram, because we interpreted the lack of an Ar peak as indication of a leak
through which the enclosed Ar had escaped (and ambient air possibly entered the
sample). We steam equilibrated our samples with three different waters of known 8§°H
values (AWI-TD1: -266%o0, medium deuterium-enriched water: 137%o; highly
deuterium-enriched water: 335%0). We produced the two deuterium-enriched waters
by mixing ?Hz0 and ultrapure water (Faghihi et al., 2015).

After weighing the cooled capsules, we measured them with an Elemental
Analyzer-Isotope Ratio Mass Spectrometer by pyrolysis in a chromium-filled Al203
reactor at 1250 °C. For normalization, VSMOW, SLAP and, when the steam equilibration
was performed with deuterium-enriched water, IAEA-604 were included as silver
capsule triplicates (25 pL, USGS, Reston, VA, USA) in each IRMS sequence. Over the
duration of the experimental period, a PE-powder used as in-house standard was
measured with a mean 62H value of -61.4 + standard deviation 1.4%o (n =490), GISP
with -188.8 + 1.9%0 (n=72) and IAEA-CH7 with -100.3 £ 1.5%0 (n = 88). The values were
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undistinguishable from the certified or recommended values. The four times separately
treated sample SK-Oso showed a standard deviation of the §*Hn values of 2.8%o and for

the contributions of the exchangeable H to the total H pool (Xe) an RSD of 4%.

3.2.3 Chemical sample properties

The C concentrations of the clay fractions were determined with an Elemental
Analyzer (Flash 2000 HTC, Thermo Fisher, Waltham, MA, USA and EuroVector 3000,
EuroVector, Pavia, Italy). The pH of the topsoil samples was measured with a glass
electrode (SenTix® 81 on pH 3310, WTW, Weilheim, Germany) in a deionized water
suspension at a soil:water ratio of 1:2.5 (v/v). The potential cation-exchange capacity
(CECpot) of the clay fractions collected by sedimentation was determined with the Cu(II)-
triethylentetramine method (Meier and Kahr, 1999; Ammann et al,, 2005), using
additionally a phosphate puffer (pH =7.0) and 24 h shaking time. We used the CECyot of
the clay fractions to distinguish two sample groups. Following international soil
classification systems (Soil Survey Staff, 2014) we used a CECpot of 160 mmolc kg1 as
threshold to distinguish samples which were dominated by nonswellable clay minerals
including kaolinite, illite and chlorite, indicating an advanced state of acidification and
weathering, from samples which were dominated by swellable three-layer clay minerals
such as smectites and vermiculites indicating a less advanced soil development. This
rough grouping was confirmed by our XRD analyses of 10 selected samples and by the
results of Schrumpf et al. (2001) and Messmer et al. (2014), who reported clay
mineralogical results from nearby sites in Ecuador and the same sample as we studied
from Panama, respectively (Table 3.1).

To determine the concentrations of Na, Mg, Al, K, Ca and Fe, we weighed 0.1 g of
the clay fractions in 55-mL pressure vessels (TFM, MARS XPress, CEM, Matthews, NC,
USA). We added 2 mL HNO3 (69% suprapur, HN50.3, Carl Roth, Karlsruhe, Germany),
0.5 mL H202 (30%, suprapur Merck, Darmstadt, Germany) and 1.5 mL HF (48%,
suprapur, HN54.1, Carl Roth, Karlsruhe, Germany). The samples were digested in a
microwave oven (MARS XPress, CEM, Matthews, NC, USA) for 1 h (max. 200 °C). After
>20 min cooling time, we added 10 mL 5% H3BOs (P6943.1, Carl Roth, Karlsruhe,
Germany) to complex residual HF in the microwave oven for security reasons.
Afterwards, the solutions were transferred into a volumetric flask and made up to 50 mL

with ultrapure water. An aliquot of 100 pL was diluted with 1% HNOs3 solution to 10 mL
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for the ICP-MS (Agilent 7900, Santa Clara, CA, USA) and ICP-OES (Agilent 5100, Santa
Clara, CA, USA) measurements, calibrated with the Multielement Standard IV (Merck
1.11355.0100, Darmstadt, Germany) in a similar matrix (0.3 mL H3BOs (p.a.) and 1 mL
69% HNOs3). The accuracy of concentration measurements was checked by repeated
analysis of the reference materials BCR-2 (Basalt, Columbia River, USGS, Denver, CO,
USA) in each digestion batch (n = 2). If the recovery of BCR-2 deviated by > 10% from
the certified elemental value, we repeated the digestion batch. The RSD of BCR-2 was
4% for Na, 1% for Mg, Al, K and Ca and 3% for Fe.

3.2.4 XRD analysis of the clay fractions

We selected 10 samples for qualitative mineralogical studies by X-ray powder
diffractometry (XRD) to equally cover a representative range of §2H values of modeled
local precipitation and potential cation exchange capacity (CECpot). The qualitative
characterization of the clay minerals by X-ray diffraction was performed at the CCA-BW
of the University of Tiibingen, Germany using the air-dried clay fractions. The samples
were prepared like random-oriented powders with a final smoothing out of the sample
surface in standard powder sample holders. Thus, a preferential orientation of the clay
particles is still to be expected, which increases the 00l-intensities of the clay minerals
compared to the other lattice directions. For the measurements a BRUKER D8-advance
powder diffractometer was used, equipped with a Cu-sealed tube running at
40 kV/20 mA, a Gobel mirror optics for parallel beam and Ka-radiation, a 0.2 mm
divergence slit and a VANTEC-1 detector in scanning mode with a step size of 0.008°.
The samples were rotated during the measurement from 2° to 30° 26, average
measurement time was 1.5 h. The resulting pattern of the air-dried samples permitted a
semiqualitative identification of all containing mineral phases in the clay fraction and
allowed for an estimation whether two-layer or three-layer clay minerals were present,

using Brindley and Brown (1980).

3.2.5 Data evaluation

We normalized all stable H isotope ratios to the VSMOW-SLAP scale (Paul et al.,
2007), which we extended with IAEA-604 to 799.9%, and expressed them in %o
relative to Vienna Standard Mean Ocean Water (VSMOW). We used the R statistical
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computing environment (Wickham et al., 2019; R Core Team, 2022) to calculate stable H
isotope data and for statistical analysis. Significance was set to p < 0.05.

We regressed the known H isotope composition of the equilibration waters (62Hw)
on the measured 62H¢ (t = total) values of the clay fractions and used Eq. 3.1 to determine
02Hn values and the contribution of the exchangeable to the total H concentration (xe)
(Feng et al., 1993; Wassenaar and Hobson, 2000; Sessions and Hayes, 2005; Ruppenthal
etal, 2010).

8% H = Yo Uexw 0°Hy + (1 —Xe)8%H, + 1000 xo(ttex—w — 1) (Eq. 3.1)
The intercept is a function of Xe, *°Hn and aex-w. The slope is the product of xe and aex-w.
Using the latter and 8§*H, from the regression line for §°H,, = 0, Eq. 3.1 is solved for §2Hx
(Eq. 3.2).

Qex_w intercept — 1000 slope (dtex_w—1)

82H, = (Eq. 3.2)

Qex—w — Slope

For Eqg. 3.2, we assumed either no fractionation (aex-w=1; Bowen et al., 2005a;
Chesson et al,, 2009; Qi and Coplen, 2011; Merseburger et al., 2022) or dexw =1.08
(Wassenaar and Hobson, 2000, 2003; Sauer et al., 2009; Ruppenthal et al., 2010, 2013,
2015; Soto et al,, 2017), which covered the range of aex-w values reported in the
literature. The standard deviation (SD) of the §°Hx values was estimated by using
Gaussian error propagation (Merseburger et al., 2022). We recalculated the §*Hy values
for bulk soil and SOM reported by Ruppenthal et al. (2014; 2015) for aex-w = 1 with the
help of the reported xe values.

We calculated the mean annual §2H values of local meteoric water, called
“precipitation” (p) in the cited literature source (8*Hp,annual) for all our study sites with
the Online Isotopes in Precipitation Calculator (OIPC3, version 3.1; Bowen, 2017; Bowen
& Revenaugh, 2003). Additionally, §°Hp, annuat was extracted from the gridded maps of a
Regionalized Cluster-Based Water Isotope Prediction model (RCWIP2) from Terzer-
Wassmuth et al. (2021). To calculate mean seasonal §*Hp values (8?Hp, seasonal)
representing the volume-weighted mean 8°Hj, value of the months with an average
temperature >0 °C (Bowen et al., 2005b), we used the §?Hp values of the OIPC3 and
temperature and precipitation data of the sampling locations from the years 1970-2000
(Fick and Hijmans, 2017). The 95% confidence intervals of the §?Hp, seasonal values were
taken from raster grids (Bowen et al., 2005b).

To test for normal distribution, we used the Shapiro-Wilk Normality test. If

necessary, we transformed the variables to their logarithmic, reciprocal or square root
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values based on the skewness of the original distribution (Webster, 2001). Linear
models were validated by investigating their residuals with the Shapiro-Wilk test for
normal distribution and using the Breusch-Pagan test for homoscedasticity. For the
multiple regression, we used globally available climatic and topographic variables
(Table 3.1). We used principal component analysis (normalized and varimax rotated) to
identify statistically independent explanatory variables and only accepted principal
components with eigenvalues > 1 (Revelle, 2021). As independent explanatory variables,
we used the highest loading variable of each principal component. We implemented
stepwise multiple regression analysis with the R packages “StepReg” (Li et al., 2021),
using the corrected Akaike information criterion to choose the best model in a bi-
directional model selection process with 0.05 as significance threshold for in- or
exclusion of variables. Relative weights were determined with the R package “relaimpo”
(Gréomping, 2007).

In line with reports from the literature, we did not fully get rid of some remaining
organic matter in the clay fractions, particularly at high clay concentrations (Kaiser et al.,
2002; Mikutta et al., 2005; von Liitzow et al., 2007). Therefore, we roughly corrected the
measured 82H values of the clay fractions (6°H,, ¢14y) with Eq. 3.3 and 3.4. For this
purpose, we used an updated regression of the §2Hn values of soil organic C
concentrations on 62H values of the mean annual local precipitation of Ruppenthal et al.
(2014; 2015), because the number of worldwide stations contributing to the Online

Isotopes in Precipitation Calculator had tripled since 2015 (Bowen, 2017).

82Hn,ca —In, SZHn,
8 Hn,inorg.clay = l yl—fnsjonj\,, o (Eq. 3.3)
8%H,, som = 0.985 82H,, — 54.6%o (Eq. 3.4)

82Hn, inorg. clay is the 8%Hx value corrected for the contribution of SOM and thus that
of the inorganic part of the clay fractions. fn,som is the contribution of C-bonded H in SOM
to the total nonexchangeable H in our soil clay fractions. The C-bonded H from SOM was
estimated by assuming 25 g of H per kg of Corg (Rice and MacCarthy, 1991; additionally
assuming that SOM contains 50% C) and that 80% of this H was nonexchangeable
(Schimmelmann, 1991; Wassenaar and Hobson, 2000; Ruppenthal et al., 2013). We
furthermore assumed that the clay separation procedure did not change the 2H, value
of the SOM. We are aware of the fact that all these assumptions include an unknown

uncertainty. However, our purpose was to qualitatively assess the importance of the
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organic matter, which we couldn’t get rid of with our treatment for our measures of the

62Hn values of soil clay separates.

3.3 Results

3.3.1 Relationship of the §*H values of meteoric water with the §*H,

values of clay fractions

The §%Hx values of the clay fractions, calculated with Eq. 3.2, ranged from -167 %y
for north Siberia to -44%; for west Kenia, calculated with aex-w =1 and from -191% for
south Argentina (-181%o for north Siberia) to -81%o for west Kenia for dex-w=1.08
(Table 3.2). No matter which aex-w was used, there was always a significant correlation
between the local mean annual and seasonal §?H values of meteoric water obtained
from the OIPC3 model (Bowen, 2017) and the §2Hx values of the clay fractions (Figure
3.2'). Without the low &2Hn values of the clay fractions at the sites AR-5C and AR-4A4,
which could be considered as outliers, the R? values of the four regression lines in Figure
3.2.improved from 0.42-0.77 to 0.58-0.88. When we used the RCWIP2 model (Terzer-
Wasmuth et al., 2021) to generate the §°H values of local mean annual meteoric water,
the results changed little except that the p value of the correlation between the §°H
values of meteoric water and the nonexchangeable H pool in the soil clay fractions was
just not significant anymore for aex-w=1.08 (p = 0.102, Figure 3.51).

For the Argentinian climosequence (Sites AR-2 to AR-20, Table 3.2) described by
Ruppenthal et al. (2015), the 6§2Hn values of the clay fractions were at all study sites
consistently lower than those of demineralized SOM (data taken from Ruppenthal et al,,
2015 and recalculated for aex-w = 1; the difference in the 62Hx values of the clay fractions
and the demineralized organic matter (A*H) ranged from 4 to 54%o for aex-w = 1 and
from 21 to 86%o for aex-w = 1.08; Figure 3.3). As expected, the bulk soil (data taken from
Ruppenthal, 2014, and recalculated for aex-w = 1) fell in between demineralized organic
matter following the procedure of Ruppenthal et al. (2013) and clay fractions for both

Oex-w Values.
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Figure 3.2: Relationship between the §°H values of local mean annual (a, ¢) or seasonal (b,

d) meteoric water (6°Hp) and the §°Hn values of soil clay fractions for an equilibrium frac-

tionation factor between water-H (in the steam) and exchangeable H (aex-w) of 1 (a, b) and
1.08 (¢, d). 5°Hp is from the Online Isotopes in Precipitation Calculator, version 3.1 (Bowen

2017). The yellow filling marks the samples from Argentina. The error bars of 5°Hp values

indicate the 68% confidence interval and might be smaller than the symbol size. The error
bars of §°Hn values indicate the standard deviation from field triplicates, available for only
three sample locations from Argentina.

86



3 GLOBAL DISTRIBUTION OF NONEXCHANGEABLE STABLE HYDROGEN ISOTOPE RATIOS OF TOPSOIL CLAY FRACTIONS

a) Oleyy = 1 b) oy = 1.08
o o]
o] (o)
o] o
-50 © o
o] (o}
(o] o
00 ﬁ c‘o
é -1DC" o A o
T A
a A
© A A
A
MA A
ﬁ A
-150 1 A A
A A A
O §°H of modeled mean annual precipitation  #
#H A A A
, of SOM AN
2 . A
6°H,, of bulk soil
A §%H, of clay separates A
-200 + T T T T T T T
-48 -44 -40 -36 -48 -44 -40 -36
Latitude [°] Latitude [°]

Figure 3.3: Relationship between latitude and the 6°H values of local mean annual mete-
oric water and the §°Hn values of demineralized soil organic matter (SOM), bulk soil and
soil clay fractions for an equilibrium fractionation factor between water-H (in the steam)
and exchangeable H (atex-w) of 1 (a) and 1.08 (b). The data for the bulk soil and the demin-
eralized soil organic matter from a 2100-km climosequence from north to south Argentina
were taken from Ruppenthal (2014) and Ruppenthal et al. (2015) who used an aex-w value
of 1.08 (b), which we additionally recalculated for aex-w = 1 (a). The §°H values of meteoric
water were taken from the Online Isotopes in Precipitation Calculator, version 3.1, where
precipitation includes rain, snow, dew and hail (Bowen, 2017).

3.3.2 Influence of the soil organic matter removal

Two of the 30 samples (DE-KA2 and SK-Oso) had higher Corg concentrations in the
clay fractions than in the bulk soils, while the inorganic C had been destroyed during the
clay separation procedure (Table 3.1 and 3.2). With a minimum concentration of

1.0 mg g1 Corg, none of the clay fractions was completely free of SOM (Table 3.2). When
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we roughly estimated the influence of the organic matter on the §2Hx values of the clay
fractions with Egs. 3.3 and 3.4, the §*Hx values of the clay fractions on average only

changed by <3.4%o but by up to 19%o in the individual samples (Table 3.3).

Table 3.3: Effect of the correction for C-bonded H in soil organic matter on the §°Hn values
in the clay fractions (expressed as difference between the §°Hn values before and after cor-
rection, 8?Huncorr-SOMcorr) and on the properties of the regression line of the §°Hn values of
soil clay fractions on the 5°H values of meteoric water (expressed as differences, subscript

diff, in intercept, slope and coefficient of determination for two different fractionation fac-
tors between steam and exchangeable H (ex-w) and local mean annual and mean seasonal
meteoric water (6°Hp values taken from Bowen 2017).

linear regression
2
A Huncorr-SOM corr g

Olex-w SZHP San,clay—Ssz uncorr-SOMcorr
mean SD min. max. interceptaifr slopeaift RZife
[%00]
1.08 annual 1.6 5.9 -14 17 6.2 0.078 0.13
1.08 seasonal 3.4 4.7 -2 17 3.9 0.01 0.07
1 annual -2.7 5.9 -19 6 3.5 0.105 0.15
1 seasonal -0.8 2.5 -5 6 0.9 0.031 0.06

3.3.3 Influence of the preliminary aex.w values

The differences between the §Hy values calculated with dex-w = 1.08 and dtex-w =1,
respectively, for the same sample ranged from 11%o to 64%o with a mean of 35%o. The
size of these differences was positively related with the concentrations of exchangeable
H (Xe) which can be derived from Eq. 3.2 indicating that the choice of the aex-wvalue
influenced the calculated §*Hx values the more the smaller the nonexchangeable H pool
was relative to the total H pool. The differences in the §2Hn values calculated with
different aex-w values influenced the regression lines in Figure 3.2 but did not change the
general positive relationship between the 62H values of meteoric water and the 62Hx

values of clay fractions.

3.3.4 Influence of the dominant clay mineral type

To distinguish between samples dominated by nonswellable clay minerals and
swellable clay minerals, we used the CECyot of the clay fraction. Following the common
practice in international soil classification systems (Soil Survey Staff, 2014; IUSS

Working Group WRB, 2022), we used a CECpot of 160 mmolc (kg clay)-! to distinguish

88



3 GLOBAL DISTRIBUTION OF NONEXCHANGEABLE STABLE HYDROGEN ISOTOPE RATIOS OF TOPSOIL CLAY FRACTIONS

strongly and less strongly weathered soil environments. We tested this grouping with

the help of XRD analyses (Figure 3.4).
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Figure 3.4: X-ray powder diffraction (XRD) spectra of ten topsoil clay fractions (with
smoothed out sample surface), sorted according to their potential cation-exchange capac-

ity from high (top ) to low (bottom). See Tables 3.1 and 3.2 for an explanation of the sam-
ple designations and properties.

The samples with the highest CECpot (AR-19C) only contained smectites, which was
probably also present in irregular interstratified form besides illites in the samples with
the next highest CECpot (AR-10C, KE-44, Figure 3.4). Together with KE-44, these four
samples appeared to be dominated by three-layer clay minerals. Samples RU-PS2, TH-
M1, AR-2C, and SK-Oso showed peaks in a range associated with the presence of illites,
some in interstratified form, and kaolinite. TH-M1, AR-2C, KE-28 did not show patterns

of swellable phases, which is typical for hot-humid weathering condition and sufficient
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drainage. The broad intensity of KE-38 at ~12.2 °2 8 (~7 A) is typical for the 001-main
intensity of poorly ordered kaolinite. EC-CA] exhibited patterns of mixed-layer illites or
K/Na-scmectites. In the sample RUS20 with the lowest CEC of 114 mmolc kg! and RU-
PS2 it was not clear whether only chlorite, or also small amounts of kaolinite were
present due to the overlap of the Chlorite 002 and Kaolinite 001 intensities at ~12,2 °2 6
(~7 A). Typical for recent topsoils and consistent with the Corg results for the clay
fractions (Table 3.2), the XRD scans revealed large amounts of amorphous content,
especially KE-44, due to the weak intensities of the clay minerals in relation to the
background intensity. The clay fraction of sample PA-A9, collected from a depression in
Panama, contained only smectite (Messmer et al., 2014). Schrumpf et al. (2001)
examined soil samples near our sampling sites EC-CAJ (3050 m a.s.l.), EC-SF1 (1950 m
a.s.l.), and EC-BOM (1010 m a.s.l.). The results of Schrumpf et al. (2001) illustrated that
illite and kaolinite were found at all three elevations. The concentrations of illites
increased with elevation while that of kaolinite decreased. Fully swellable three-layer
clay minerals such as vermiculites were absent (EC-CA]) or occurred in traces (EC-BOM,
EC-SF1). Thus, our own XRD analyses and the cited literature confirm that the CECpot of
the clay fraction reflected the mineralogy well.

The regression of the 62Hn values of the sample group dominated by nonswellable
clay minerals with a low CECpot <160 mmolc kg1 (n=6) on the 2H values of meteoric
water showed a steeper slope than that dominated by swellable clay minerals with a
high CECpot 2160 mmolc kg1 (n=18) for both aex-w values and both measures of local
meteoric water (Figure 3.5). The difference in slope was less pronounced for dtex-w =1
than for aex-w=1.08 and for local mean seasonal meteoric water than for local mean
annual meteoric water. The separate regressions showed higher coefficients of

determination than the joint regression of all samples (Figures 3.2, 3.5 and 3.51).

3.3.5 Influence of climatic, topographic and soil properties

To explain the scatter around the regression lines of the §2Hx values of clay
fractions on the 62H values of meteoric water, we set up multiple regression models of
the climatic, topographic, and soil properties shown in Table 3.1. To ensure that we only
used independent explanatory variables in our multiple regression model, we selected

the highest loading variables from independent principal components. The best
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regression model according to the Akaike information criterion for dex-w = 1 is shown in
Eq. 3.5 and the best one for aex-w = 1.08 in Eq. 3.6.

8%Hn, a=1, predicted = 0.78 8*Hp, seasonal [0.68] + 9.65 In(hillslope + 1) [0.20] - 74, (Eq. 3.5)
with r = 0.94, p < 0.001 and R* = 0.89.

8%Hn, a=1.08, predicted = 0.70 8%Hp, seasonal [0.47] + 13.6 In(hillslope + 1) [0.29]

+ 0.28 latitude [0.10] - 118, (Eq. 3.6)
with r = 0.93, p < 0.001, R? = 0.86. The italic numbers in square brackets of Egs. 3.5 and
3.6 are the fractions of the total variance explained by the individual explanatory
variables. In Egs. 3.5 and 3.6, the local mean seasonal meteoric water was favored over
the local mean annual meteoric water and hillslope was chosen as an explanatory

variable in the best model.

91



3.3 RESULTS

a , b
) 40 CECpot [mmolckg™] % ) <160: r=0.91, p=0.011, @
.@ <160:1=0.88, p=0.021, y=1.70x+1, R*=0.83
y=0.96x-32, R?=0.77 ° © 2160: r=0.90, p<0.001, ¢ ©
o 2160:r=0.88, p<0.001, @ - y=0.85x-57, R*=0.81 o .
801 y=0.68x-64, R?=0.77 .
5 . oo + oo
2 .. © o g o
- o ®: o ®y
" 93 o + % o
¢ -1207 70 o so °
= 000 o
Ze] ° ¢ [
-160 1
- -0
c) d)
go] -+ <160:r=088, p=0.022, ® -.- < 160:r=0.89, p=0.016, °
y=1.01x-48 R?=0.77 @ y=1.75x-16, R*=0.80 @
° o] e o
2160: 1=0.72, p<0.001, . 2160: r=0.79, p<0.001, "
y=0.57x-109, R=0.52 - o y=0.77x-100, R®=0.63 - o
— e © e ©
22 -1204 e o .
@ .
8 (@} + (@] +
W .
=4 _ i N [o) L (@]
t\?: 160 é o ¢ o
o 41)0 o é o o
o —-0—
o
-200 1
-150 -100 -50 0 -100 -50 0
2 2
o Hp,annual [%O] 5 Hp, seasonal [%°]

Figure 3.5: Relationship between the 5°H values of local mean annual (a, c) or seasonal (b,
d) precipitation (6°Hp) and the §Hn values of soil clay fractions for an equilibrium frac-
tionation factor between water-H (in the steam) and exchangeable H (aex-w) of 1 (a, b) and
1.08 (¢, d). 5°Hp is from the Online Isotopes in Precipitation Calculator, version 3.1 (Bowen
2017). The yellow filling marks clay separates with a potential cation-exchange capacity
(CEC) <160 mmolc kg1 and the dark brown filling clay separates with a CECpot 2160
mmolc kg-1. The yellow dashed line shows the regression of the §°Hn values of the soil clay
fractions on the 5?H values of local meteoric water for the clay separates with a CEC <160
mmolc kg (deemed to be dominated by nonswellable clay minerals) and the dark brown
dotted line for soil clay fractions with a CEC 2160 mmol. kg (deemed to be dominated by
swellableclay minerals). The error bars of §°Hp indicate the 68% confidence interval and
might be smaller than the symbol size. The error bars of §°Hn values indicate the standard
deviation from field triplicates, available for three sample locations from Argentina.

92



3 GLOBAL DISTRIBUTION OF NONEXCHANGEABLE STABLE HYDROGEN ISOTOPE RATIOS OF TOPSOIL CLAY FRACTIONS

3.4 Discussion

3.4.1 Relationship of the §*H values of precipitation with the §*H,

values of clay fractions

Our range of 62Hn values of clay fractions for both aex-w values is similar to that
reported by Lawrence and Taylor (1971) of -30 to -165%o for clay minerals and
hydroxides in soils of the USA (Table 3.2). The finding of a significant correlation of the
62H values of meteoric water with the 62Hn values of clay fractions is consistent with
previous work that also used the OIPC model to analyze relationships of the H isotopic
composition of meteoric water with those of various natural materials (Table 3.4).
Ruppenthal et al. (2010) found a correlation of the §%H values of local mean annual
meteoric water with the §°Hn values of a global data set of 12 bulk soil samples,
Ruppenthal et al. (2015) with demineralized soil organic matter at 20 locations along a
climosequence in Argentina, Hobson et al. (2012) with wing chitin of dragonflies, and
Sachse et al. (2012) with leaf-wax n-C29 alkanes in shrubs, trees, forbs, graminoids and
sediments from various studies. These results illustrate that the H isotopic composition
of meteoric water has a consistent and widespread influence on the §2Hn values in
various natural materials. The slightly higher R? values of the regressions if only
meteoric water of the nonfrozen period was considered might indicate that indeed only
H of liquid water can be incorporated into clay minerals.

The fact that the 62Hn values of the bulk soils of the Argentinean subset of samples
could be explained as a mixture of those of demineralized organic matter and the clay
fractions illustrated that the nonexchangeable H pool of different soil constituents such
as organic matter and clay minerals showed a different H isotope fractionation between
ambient water and the individual constituents at the time of their formation (i.e.,
different amin|soM-water values; Figure 3.3). Nonexchangeable H in soil clay fractions
showed a stronger fractionation relative to ambient water-H than the soil organic matter
as reflected by the different A2Hmeteoric water-soil constituent Values.

The results support our first hypothesis that there is a global correlation between
the 62H values of meteoric water and the 62Hn values of clay fractions (Figure 3.2).
However, slope and y-axis intercept of the regression of the §2Hx values of clay fractions
on the 62H values of local meteoric water vary with the choice of the aex-w values and

among the two precipitation models (Bowen and Revenaugh, 2003; Terzer-Wassmuth et
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al,, 2021; see Supplementary Material). To define a universally valid regression line

therefore requires to better constrain the aex-w values, which likely differ among

different minerals. Moreover, the data shows a larger scatter around the regression lines

than reported by Ruppenthal et al. (2014) for demineralized soil organic matter as can

also be seen in Figure 3.3. This larger scatter is related with the different mineralogical

composition of the studied soil clay fractions (Figure 3.4 and 3.5).

Table 3.4: Properties of regression lines of the nonexchangeable hydrogen isotope ratios
(6°Hn values) in different environmental media on the 52H values of the meteoric water

(6%Hp).
2 2 OIPCa intercept .,
Type §“Hm) Oex-w  O0“Hp version [%0] R*  Source and Remark
1 annual 3.1 0.74 -54  0.83
1.08 annual 3.1 066 -92 0.58
clay fractions this study, excl. two outliers (n=22)
1 seasonal 31 096 -46 0.88
1.08 seasonal 3.1 0.92 -80 071
_E bulk soil 1.08 annual 2.2 09 -34  0.79 Ruppenthal et al. (2010)
® .
S fﬁ?gﬁ“ﬂy WINE 108 seasonal 22 091 -43  0.75 Hobson etal. (2012)
=
g soM 1.08 annualb 2.2 1.25 -38  0.94 Ruppenthal etal. (2015)
£
S 8%H, from Ruppenthal et al. (2015) recalculated
3 b -
2 SOM 1 annual 31 088 32 091 with different e, 52H, updated
SOM 1.08 annualb 3.1 0.99 -54  0.87 &2Hx from Ruppenthal et al. (2015), §*H, updated
bulk soil 1.08 annual® 2.2 0.97 -85 0.74 Ruppenthal (2014)
. 8%H, from Ruppenthal (2014) recalculated
b -
bulk soil 1 annual 31 0.65 56 092 with different e, 52H, updated
bulk soil 1.08 annual® 3.1 0.68 -101 0.79 &2Hx from Ruppenthal (2014), §°Hp updated
shrubs 087 -112 0.21
S trees 052 -134 046
4] 5]
= )
& forbs g 116 -120 0.83
N E annual 2.2 Sachse et al. (2012)
& Cs graminoids ] 1.21  -129 049
2
5 Csgraminoids 078 -142 048
lake-surface 055 -148 0.80

sediments

aQIPC is Online Isotopes in Precipitation Calculator from Bowen (20217) and Bowen and Revenaugh (2003). For the
annual average §°H, model from version 2.2 to 3.1 the number of included monitoring station tripled.

b No systematic difference between both models, because all months have an average temperature > 0 °C.
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3.4.2 Influence of the soil organic matter removal

We attribute the remaining Corg concentrations of the clay fractions (Table 3.2) to
the well-known incomplete and selective SOM removal by H202 (Leifeld and Kogel-
Knabner, 2001; Mikutta et al., 2005; Merseburger et al., 2022). However, our correction
of the 8%Hx values of the clay fractions considering the §*H, values of SOM with Eq. 3.3
resulted in only small changes of the §?Hx values of the clay fractions that were on
average in the range of the analytical uncertainty (Table 3.3). This finding is in line with
Fagan (2001) who found the C-bonded H concentrations in clay mineral standards too
low to contribute to the §H measurements. Thus, the influence of the remaining Corg

concentrations in the soil clay fractions on their §*Hx values can be neglected.

3.4.3 Influence of the preliminary aex.w values

The choice of the aex-wvalue had a considerable impact on the §2Hn values of the
clay fractions (Table 3.2, Figures 3.2-3.4). Because the difference in the 62Hx values of
the clay fractions between the two oex-w values of 1 and 1.08 was related with the
exchangeable H concentrations (xe) as can be derived from Eq. 3.2, the choice of the tex-w
value had a stronger impact on the 62Hx values of samples with a CECpot 2160 mmolc kg
1, which are dominated by swellable clay minerals and therefore show more adsorption
water contributing to the exchangeable H pool than the nonswellable minerals with a
CECpot <160 mmolc kg! (O’Neil and Kharaka, 1976; Merseburger et al.,, 2022). Our
results illustrate that the aex-w values, particularly of the swellable clay minerals, need to
be better constrained to reduce the scatter around the regression lines of the 62Hn

values of clay fractions on the 62H values of local precipitation.

3.4.4 Influence of the dominant clay mineral type

Our finding that the slopes of the regression lines of the §°Hn values of the clay
fractions on the 8§?H values of local meteoric water differed between samples dominated
by nonswellable and swellable clay minerals (Figure 3.5) is in line with the results of
Savin and Epstein (1970) that kaolinite had a higher amin-water value of 0.97 than
montmorillonite with an amin-water value of 0.94. As a consequence, separate regression
lines of 6%Hn values of the clay fractions on the §°H values of meteoric water are needed
for soils differing in clay mineral composition if this regression is to be used to

reconstruct the local §2H values of meteoric water or probabilistically assign a soil
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sample to its spatial origin. Because of the partly systematic variation in clay mineral
composition among different climatic zones with e.g., more frequent occurrence of of
nonswellable clay minerals in the hot-humid inner tropical zone vs. a more frequent
dominance of swellable clay minerals in the temperate zone (FAO, 2009; Ito and Wagai,
2017), the regression lines of §°Hn values of the clay fractions on §%H values of meteoric
water likely vary among different climate zones. As a consequence, there is no unique
regression line for soil clay fractions which is globally valid. This might be different to
soil organic matter (Ruppenthal et al., 2014). Moreover, mixtures of different clay
mineral types in soil clay fractions will increase the scatter around the regression lines.
The same is true for cases in which clay minerals formed under distinctly different
conditions than in the studied topsoil environments that could be inherited from the

parent material contribute to the soil clay fraction.

3.4.5 Influence of climatic, topographic and soil properties

The fact that our model selection procedure preferred the 62H values of seasonal
over annual meteoric water (Egs. 3.5 and 3.6) further supports the conclusion that at
sites with a longer period during which soils are frozen, the 62Hn values of the clay
minerals only reflect the H isotopic composition of the liquid water during the growing
season, because chemical weathering is strongly reduced in frozen soil (Chuvilin et al.,
1998; Borden et al., 2010; Lessovaia et al., 2021). The influence of the hillslope on the
02Hn values of clay fractions possibly reflects the degree to which the local clay minerals
have been formed in situ. Flat areas tend to accumulate colluvial material from upslope
or eolian deposition and thus may contain clay minerals formed at adjacent locations
with different §2H values of meteoric water, while steep areas tend to be eroded and
thus only contain clay minerals formed in situ. Similar to this assumption, Schaub et al.
(2009) observed that the §180 values of bulk soils reflected the extent of erosion.
Interestingly, in the multiple regression models including hillslope as explanatory
variables, the Argentinian samples AR-5C and AR-4A, which originate from Phaeozems
in a flat steppe likely influenced by eolian input of clay minerals from surrounding soils,
were no longer outliers. The small additional contribution of latitude to the explanation
of the total variation in the §2Hx values of clay fractions in Eq. 3.6 might further confirm
that the climate had an influence on clay mineral composition and thus influences the

&2Hn values of soil clay fractions.
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3.5 Conclusions

Our results confirmed the first hypothesis, that there is a significant correlation
between the 62H values of local meteoric water and the §2Hx values of soil clay fractions
at a global scale. However, this relationship is less close than previously observed for
soil organic matter. The remaining organic matter in the soil clay fractions which could
not be completely destroyed did not substantially influence the 62Hn values of the soil
clay fractions, while the aex-w values, the equilibrium fractionation factor between
ambient water-H and exchangeable H in the clay fraction, needed to calculate the §2Hx
values from steam equilibration, the mineral types and some properties of the study
sites had a strong influence confirming our second hypothesis except for the assumed
influence of the remaining organic matter in the clay fractions.

The choice of the aex-w values of the clay fractions in the range of 1-1.08 as
reported in the literature influenced the regression of the 62Hn values of soil clay
fractions on the §2H values of local meteoric water but did not change the overall
positive relationship. Thus, for a more precise determination of the §2Hx values of soil
clay fractions with the steam equilibration approach, the aex-w values need to be better
constrained.

The slope and y intercept of the regression of the 62Hx values of soil clay fractions
on the 62H values of local meteoric water varied with the CECyot of the soil clay fractions.
The subset of samples dominated by nonswellable clay minerals as indicated by a CECpot
< 160 mmolc kg1 clay and the presence of kaolinite, illite or chlorite showed a steeper
slope than that dominated by swellable clay minerals with a CEC 2 160 mmol. kg-! and
the presence of smectites and vermiculites confirming that the dmineral-water value, the
equilibrium fractionation factor between ambient water-H and nonexchangeable H in
the clay fraction, which is conserved from the time of mineral formation, is mineral-
specific.

The inclusion of seasonal local meteoric water, hillslope and latitude in a multiple
regression model explained up to 89% of the variation in the §2Hx values of soil clay
fractions. This suggested that only the ambient water-H during nonfrozen periods
contributes to the nonexchangeable H of soil clay fractions. We interpreted the choice of
hillslope as explanatory variable as indication of an influence of the degree to which clay

minerals are formed in situ which is more likely at steeper, more strongly eroded than at

97



3.6 REFERENCES

less steep or flat sites where colluvial or eolian material accumulates. Finally, the choice
of latitude as explanatory variable might reflect the climatic influence on the formation

of clay minerals.
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3.7 Supplementary material

(1) Supplementary Figure 3.S1 shows the relationship between the §2H values of
local mean annual meteoric water (6°Hp) and the §*Hn values of the soil clay fractions.

(2) Supplementary Research Data include properties of the bulk soil samples
(sampling locations, particle-size distributions, dithionite-citrate-buffer-extractable Fe
concentrations) and the clay fractions (elemental concentrations, cation-exchange
capacities, results of the X-ray diffractometric measurements) and details of the §2H
analyses. Supplementary material to this article can be found online at

https://doi.org/10. 1016/j.gca.2023.02.007.
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3.7.1 Supplementary Figure S1
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Figure 3.51: Relationship between the 5°H values of mean annual local meteoric water
(6°H,) and the §°Hn values of soil clay fractions for an equilibrium fractionation factor be-
tween water-H (in the steam) and exchangeable H (ex-w) of 1 (a) and 1.08 (b). 5*Hp, annual is
from the Regionalized Cluster-Based Water Isotope Prediction model (RCWIP2) of Terzer-
Wassmuth et al. (2021). The yellow filling marks the samples from Argentina. The error
bars of §°Hn values indicate the standard deviation from field triplicates, available for only

three sample locations from Argentina.
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Abstract

RATIONALE: Steam equilibration overcomes the problem of the traditional
measurements of H isotope compositions, which leave an arbitrary amount of adsorbed
water in the sample, by controlling for the entire exchangeable H pool, including
adsorbed water and hydroxyl-H. However, the use of steam equilibration to determine
nonexchangeable stable H isotope compositions in environmental media (expressed
as 62H, values) by mathematically eliminating the influence of exchangeable H after
sample equilibration with waters of known H-isotopic composition requires the
knowledge of the equilibrium isotope fractionation factor between steam-H and
exchangeable H of the sample (a..wv), which is frequently unknown.

METHODS: We developed a new method to determine the a...» values for clay
minerals, topsoil clay fractions, and mica by manipulating the contributions of
exchangeable H to the total H pool via different degrees of post-equilibration sample
drying. We measured the 62H values of steam-equilibrated mineral and soil samples
using elemental analyzer-pyrolysis-isotope ratio mass spectrometry.

RESULTS: The a.. values of seven clay minerals ranged from 1.071 to 1.140, and
those of 19 topsoil clay fractions ranged from 0.885 to 1.216. The aex-w value of USGS57
biotite, USGS58 muscovite, and of cellulose was 0.965, 0.871, and 1.175, respectively.
The method did not work for kaolinite, because its small exchangeable H pool did not
respond to the selected drying conditions. Structurally different mineral groups such as
two- and three-layer clay minerals or mica showed systematically different aex-w values.
The aex-w value of the topsoil clay fractions correlated with the soil clay content
(r = 0.63, p =0.004), the local mean annual temperature (r = 0.68, p = 0.001), and the §*H
values of local precipitation (r=0.72, p <0.001), likely to reflect the different clay
mineralogy under different weathering regimes.

CONCLUSIONS: Our new oaex-w determination method yielded realistic results in
line with the few previously published values for cellulose. The determined aex-w values
were similar to the widely assumed values of 1.00-1.08 in the literature, suggesting that

the adoption of one of these values in steam equilibration approaches is appropriate.
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4.1 Introduction

Stable hydrogen isotope compositions (expressed as 62H values relative to the
standard mean ocean water) are widely used to investigate the provenance of organic
substances like collagen, keratin, cellulose, or microbial tissue.! When complex materials
like soil and plant samples are studied, the measurement of the §2H values can be
influenced by unwanted exchange of part of the H pool, termed “exchangeable”, with
ambient atmospheric water vapor during sample preparation, for example. The latter
does not affect the “nonexchangeable” part of the H pool stored as C-bonded H in organic
matter or structural H in hydroxyl groups. However, the quickly exchanging H can blur
the stable H isotope signal of the nonexchangeable H pool.2-> Steam equilibration avoids
this problem by controlling the influence of the exchangeable H on the §2H values of the
nonexchangeable H pool. The latter is reached by equilibrating the H isotope
composition of exchangeable H with water vapors of known H-isotopic composition.
After steam equilibration, the contribution of exchangeable to total H (xe) and the
nonexchangeable H isotope ratios (6%Hn) can be determined by a regression of the
measured 6%H values (6*Hy) in equilibrated samples on the known §%H values of
equilibration water vapors (6°Hw; Eq. 4.1).
82Hy = Yo Aoy 6%H,, + (1 — x,) 6%2H,, + 1000 x, (@ex—w — 1) (Eq. 4.1)
From this empirical regression line, xe (included in the slope) and the §°Hx value
(included in the y-axis intercept) can be calculated if the equilibrium fractionation factor
between exchangeable H of the sample and equilibration water (dex-w) is known. dex-w is
defined as the ratio of the stable isotope ratio of the exchangeable H in the samples to
the stable H isotope ratio of the steam. To the best of our knowledge, there is no
established method to determine aex-w values for complex mixtures of compounds
commonly occurring in soils in the temperature range used for steam equilibration at
110 °C-130 °C. Schimmelmann® determined the aex-w value of cellulose by steam
equilibration of fibrous cellulose and its nitrated counterpart using a reduced
exchangeable H concentration at 114 °C for 20 h. From the intersection of the two
resulting regression lines for the original cellulose and the nitrated cellulose,
Schimmelmann® calculated an aex-w value of 1.08. This aex-w value has been widely used
to determine §?Hx values of various organic compounds, plants, soil organic matter, and

bulk soil by steam equilibration?-15, although it is known that the aex-w values of cellulose
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can range from 1.063 to 1.243 depending on its crystallinity.16-19 Other studies that
applied a steam equilibration method to organic materials and clay minerals ignored
equilibrium fractionation between exchangeable H in the studied material and ambient
water vapor-H, thus assuming an dex-w value of 1.17,20-23

Recently, Merseburger et al.23 adapted and tested the steam equilibration method
of Ruppenthal et al.? for clay minerals and soil clay fractions. In the hygroscopic clay
minerals, in which not only adsorbed water contributes to the exchangeable H pool but
also hydroxyl-H at the mineral edges, which cannot be removed by drying?, there is a
particular risk of exchanging H with ambient atmospheric water vapor after steam
equilibration, which needs to be avoided.2-> The latter can be reached by closing the
samples in airtight tin capsules under an Ar atmosphere, which require less mechanical
force for crimping than Ag capsules.23-25 For samples with a high xe value, the calculated
&%*Hn values respond sensitively to variations in the dex.w value, because the aex-w value
influences both the slope and the intercept of the regression line of §2H: values of the
studied sample on the §?Hw values used for the exchange (Eq. 4.1).81319.22.26 Thys, the
knowledge of a sample-specific dex-w value might improve the measurement of §*Hn,
particularly if the sample consists of an unknown mixture of different minerals.

The fact that the xe value influences the slope of the regression line of measured
6%Ht values on the known §2Hw values provides the opportunity to determine the oex-w
value by manipulating xe, provided that the aex-w values remain unchanged. Because part
of the exchangeable H pool consists of adsorbed water, different sample drying
conditions result in different xe values. Analogous to the approach of Schimmelmann®,
from the intersection point of the pair of regression lines with different slopes resulting
from two different drying conditions, aex-w can be calculated, provided the difference in
the slopes is sufficiently large to precisely determine the intersection point.®

In a previous work, Merseburger et al.23 tested whether the classic clay separation
treatment, including the removal of Fe oxides and carbonates, reduction of soil organic
matter (SOM), and dispersion of the remaining material, affects the §°Hn values of clay
minerals. In the absence of a known aex-w value, the equilibrium fractionation between
the exchangeable H pool and the steam-H was ignored (i.e., ex-w = 1). Merseburger et
al.23 found that the differences in §°Hn values between clay minerals (kaolinite, illite,
montmorillonite, and vermiculite) subjected and not subjected to the clay separation

treatment were not significant and concluded that the clay separation treatment did not
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affect the 6*Hx values of clay minerals and soil clay fractions. However, this conclusion
can be maintained only if the clay separation treatment did not change aex-w, which
remains to be tested.

Ruppenthal et al.8 reported a correlation between the modeled §*H values of local
mean annual precipitation and the §2Hn values of a global set of bulk soil samples. A
study of an Argentinian climosequence demonstrated a weaker correlation of the §°H
values of local precipitation with the §°Hx values of bulk soil than with the §*Hn values of
demineralized SOM.10.27 Merseburger et al.24 showed that one reason for the weaker
correlation of the 6°H values of local precipitation with the §*°Hn values of bulk soil than
of SOM is the weaker correlation of the §°H values of local precipitation with the §°Hn
values of clay fractions than of SOM assuming the same constant aex-w values for all
samples. The larger scatter in the relationship between the 6*Hn values of soil clay
fractions and the 6*H values of local precipitation was attributed to different isotope
fractionation between ambient water-H and H of clay minerals (amin-water) during their
formation28 and a minor contribution of rock-derived clay minerals that were not
formed under the current climatic conditions. It is, however, additionally possible that
this larger scatter compared to the work of Ruppenthal et al.810.27 s also attributable to
a potential difference in the aex-w values, which might reflect the types of clay minerals.
Different types of clay minerals (a) tend to form under different weathering regimes.2%-
32 (b) Savin and Epstein?8 found different omin-water values for kaolinite typically formed
under strong chemical weathering conditions (0.97) and montmorillonite more
characteristic of moderate weathering (0.94), and it seems possible that similar
differences exist for aex-w. Furthermore, (c) for glauconite, chlorite, mica and
montmorillonite the amin-water values varied with the octahedral Fe concentration,33-35
and the chemical composition of clay minerals and soil clay fractions could also
influence aex-w. In addition, the Fe oxide concentration in soil is strongly linked to the
weathering regime, with Fe oxides being an important component of soil clay
fractions,3036 and the octahedral Fe concentrations might be related with the Fe oxide
concentrations. Moreover, (d) the different crystal structures and imperfect lattices can
influence the availability of hydroxyl groups for H exchange.11.18.3537-39 For instance,
kaolinite has one quarter of the hydroxyl groups in the same layer as the non-bridging
oxygen atoms of the tetrahedral sheet, which are less accessible than the rest of

hydroxyl groups on the surface of the microcrystals, which show different vibrational
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energies and different H exchange rates.353%940 As a consequence, Méheut et al.#1
calculated different equilibrium fractionation factors with water for both hydroxyl types
of kaolinite.

Our aims were (a) to determine sample-specific aex-w values for individual clay
minerals and soil clay fractions by manipulating the contribution of exchangeable to
total H (xe) via differently intensive drying assuming that this does not change the dex-w
values and (b) to test whether the conventional method to collect soil clay fractions
influences aex-w. Moreover, (c) we tested the hypothesis that the aexw values of soil clay
fractions are influenced by their mineralogical composition as assessed via the potential
cation-exchange capacity (CECpot) and their latitudinal and elevational position assessed

via the 62H value of the local precipitation at the sampling location.

4.2 Material and methods

4.2.1 Samples

We used kaolinite (KGa-2), dioctahedral illite (IMt-2), Na-saturated
montmorillonite (SWy-3) and Mg-rich trioctahedral montmorillonite (SCa-3) provided
by the Clay Mineral Society (Chantilly, VA, USA) and a trioctahedral vermiculite
(contributed by Stefan Dultz, Hannover, Germany) as clay mineral reference materials.
SCa-3 and IMt-2 were delivered as brittle rock chips, with a macroscopically visible
heterogeneity in grain sizes and colors. SWy-3 and KGa-2 were delivered as fine-grained
powders. The standards are described by the baseline studies of the Clay Minerals
Society Source Clays#2-48 and by Hower and Mowatt° for IMt-2. Trioctahedral
vermiculite was characterized by Dultz et al.59, Bors et al.>! and Steudel et al.5253,
Furthermore, we included USGS57 biotite and USGS58 muscovite described by Qi et al.>*
and microcrystalline cellulose (A17730 Alfa Aesar, Ward Hill, MA, USA).

We used 22 topsoil samples from nine countries on five continents (Table 4.1 and
4.51). Nine samples originated from a climosequence in Argentina (signature “AR”),
which are described in detail in Ruppenthal et al.10 The Argentinian samples were
collected from the 0-10 cm mineral soil layer of Phaeozems (AR-2A and AR-4A), a
Chernozem (AR-5C), a Calcisol (AR-14A), a Solonetz (AR-16A), a Luvisol (AR-17A), a
Vertisol (AR-19A) and a Planosol (AR-20C). The clay contents ranged from 10% to 30%

and organic C concentrations from 5 to 14 g kg-1. The sample DE-KA1 originated from
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the 7-13 cm depth layer of a Gleysol near Karlsruhe, Germany, with a clay content of
58% and an organic C concentration of 55 g kg-1.23 The signature “EC” refers to samples
from tropical forest sites in south Ecuador.>>-58 EC-BOM was collected from the 0-25 cm
layer of a Cambisol at an elevation of ~3000 m above sea level and EC-SF from the 0-15
cm layer of a Cambisol at an elevation of ~2000 m above sea level. The clay contents
were 29% and 22%, and the organic C concentrations were 24 and 22 g kg-1. The sample
KE-44 originated from the 0-10 cm layer of a Cambisol in Kenya, had a clay content of
71% and an organic C concentration of 48 g kg-1 and was provided by Sadadi Ojoatre.>°
Sample PA-A9 originated from the 0-10 cm layer of a Luvisol on Barro Colorado Island,
Panama and had a clay content of 84% and an organic C concentration of 28 g kg-1.60.61
The signature “RU” refers to Russia. Sample RU-17 was collected from the 0-30 cm layer
of a Luvisol, RU-PS2 from the 0-8 cm layer of a Cryosol, and RU-S20 from the 0-10 cm
layer of a Luvisol. The Russian samples had a clay content of 4%-13% and an organic C
concentration of 20-78 g kg-1.62-64 Sample SK-Oso originated from the 0-10 cm layer of a
Cambisol in Slovakia and had a clay content of 15% and an organic C concentration of 60
g kg-1.6566 Finally, UZ-K1 originated from the 0-10 cm layer of a Calcisol in Uzbekistan
with a clay content of 30% and an organic C concentration of 14 g kg-1.67.68 All samples
were dried and stored in the dark for 1-28 years. Further properties of the used soil
samples, including X-ray powder diffractometric patterns of six samples, can be found in
Merseburger et al.24 Additional X-ray powder diffractometric patterns have been
published for sample PA-A9 0 and from soils nearby the locations from where our two

Ecuadorian samples were collected.>8

4.2.2 Clay separation

We used the clay separation method of Merseburger et al.23, which was thoroughly
tested and found to not affect the §*Hn values of clay minerals typically occurring in
soils. In contrast, the clay separation method of course influences the 6°H values of the
exchangeable H pool. This is, however, not relevant for our measurement of §°H values,
because we anyway equilibrate all exchangeable H with water vapors of known H
isotopic composition in our steam equilibration method (Eq. 4.1). Briefly, after sieving to
<2 mm we removed Fe oxides by applying the dithionite-citrate-buffer method of Mehra
and Jackson®® once. To remove carbonates, we used a Na-acetate acetic acid buffer

adjusted to pH 4.8. To remove organic matter, we added H202 in a water bath at 50 °C.
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We removed water-soluble salts with several washing cycles using water or salt
solutions after each mineral or SOM destruction step. After the electrical conductivity of
the sample solution had reached < 400 puS cm-1, we determined the grain sizes by pipette
analysis according to DIN ISO 11277,79 but instead of a dispersion agent we used water
with a pH of ~7.5. In this water, we separated the grain sizes by repeated sedimentation
in 2-L cylinders. Clay separates were precipitated using MgClz. A H202 treatment of the
precipitate reduced the organic matter concentration in the clay fractions further. After
final washings until the conductivity of the supernatant had reached <100 pS cm-1, we
dried the clay fractions at 60 °C and pulverized them manually in a mortar.

All samples were distributed among four treatment batches each taking ~10-12
weeks. As quality check, we included sample SK-Oso in each treatment batch, which
resulted in relative standard deviations of 2% for each of the sand, silt and clay fractions.
In a previous study,2? we found that the differences between clay minerals (kaolinite,
illite, montmorillonite, vermiculite) that were subjected (“treated”) and not subjected to
the clay separation procedure (“untreated”) were not significant and concluded that the
clay separation treatment did not affect the §*Hn values of clay minerals and soil clay

fractions.

4.2.3 Steam equilibration

We steam equilibrated all samples, which included the soil clay fractions and the
pure minerals that were both subjected to the clay separation procedure (“treated”) and
measured directly (“untreated”). We weighed 1-2 mg of the air-dry and homogeneous
sample (2-3.5 mg for USGS biotite and muscovite) in triplicates and transferred into
smooth-walled tin capsules of known weight. The samples were vacuum-dried for 2 h at
120 °C. Then, we injected water of known isotopic composition into the closed stainless-
steel vessel. We steam equilibrated our samples with three to four different waters of
known isotopic composition per batch (AWI-TD1: -266.4 + SD 0.8%o, n = 4; laboratory
water: -57.5 £ 0.8%o0, n=3; medium deuterium-enriched water: 136.8 + 0.6%o, n = 3; and
highly deuterium-enriched water: 334.6 + 1.8%o, n = 4). Within 16 h at the same
temperature, the steam-H equilibrated with the exchangeable H fraction of the samples.
This was followed by 15 min of vacuum drying using a diaphragm pump (VP 220, VWR,
Radnor, PA, USA) and 45 min using a rotary vane pump (RZ 2.5, Vacuubrand, Wertheim,

Germany), both at 120 °C and a 2-h cooling phase at room temperature under
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continuous evacuation (< 1 Pa), which we called “medium” drying intensity. We
transferred the vacuum chamber into a glove bag, self-made from 100 pm polyethylene
foil bags’! and flushed twice with dried Ar to reach a water vapor-free atmosphere. In
the Ar atmosphere, we sealed each of the approximately 80 capsules in the vacuum
vessel with a gastight pressing. After cooling, each capsule was weighed.

In addition to medium drying, we realized a weaker and a stronger drying
intensity. For the weaker drying intensity, the temperature was maintained at 120 °C
after the 16-h equilibration, and the stainless-steel vessel was evacuated using the
diaphragm pump for 1 h. Then, the vessel was cooled for 2 h at room temperature
outside the oven while evacuating with the diaphragm pump to a final pressure of 150-
300 Pa. For the stronger drying intensity, the temperature was maintained at 120 °C
after the 16-h equilibration, and the stainless-steel vessel was evacuated using the
diaphragm pump for 15 min and additionally with the rotary vane pump for another
45 min. Then, the temperature was increased to 200 °C for 2 h, cooled for 3 h at room
temperature outside the oven and evacuated continuously using the rotary vane pump
to a final vacuum < 1 Pa (Figure 4.1). To test additionally whether there was an effect of
remoistening of the samples after the different drying procedures on their §*H; values,
we included SCa-3 montmorillonite (as provided by the Clay Mineral Society but gently
ground to < 200 um by hand) considered as particularly hygroscopic in each
equilibration batch. We sealed the tin capsules with SCa-3 montmorillonite in triplicate
before all other samples in the equilibration batch and again at the end, also in triplicate.
We found only a small difference of 2.2 + SD 2.0%o between the mean of the triplicate
samples sealed at the beginning and the mean of the triplicate samples sealed at the end,

because of slight remoistening during which we sealed the tin capsules of all samples.
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Figure 4.1: Temperature and pressure conditions during equilibration of soil clay fractions
and clay minerals with water vapor of known H-isotopic composition. A, the drying phase
before equilibration; B, the equilibration phase; C and D, two stages of the drying phase.
The continuous yellow line shows the standard procedure (medium drying). If deviating
from the standard procedure, temperature (continuous lines) and pressure (dashed lines)
are plotted for stronger drying (red, thin lines) and for weaker drying (blue, thick, dashed
line), for which only the pressure was less decreased.

Our different drying intensities reflect conditions used in previous studies in which
steam equilibration was applied. For example, the final pressure of our weaker drying
intensity is close to the 100 Pa used by Ruppenthal et al.® and the <500 Pa recommended
by Wassenaar et al.”2 The stronger drying intensity at 200 °C is by +50 °C similar to the
vacuum-drying temperatures used for durations of 2-4 h before conventional §*°H
measurements of clays. Studies investigating the optimum temperature for vacuum
drying found that 200 °C removes most of the adsorbed water, although some water
residues remain depending on the clay mineral type and the degree of
crystallinity.253740 Qur approach is based on the assumption that the variation in drying
procedures did not affect the aex-w values. It is reported that the pressure sensitivity of
the equilibrium fractionation factor is negligible below 130 °C#4173 and likely still small
up to our maximum temperature of 200 °C. However, there are two possible problems
with this assumption. (a) With the variation in the temperature between 120 °C and
200 °C, we might slightly change the aex-w value, which is an equilibrium constant that is
related with temperature. For pure water, the difference in ttiquid-vapor between our
lowest temperature of 120 °C and our highest one of 200 °C was reported to be 0.018 at

high pressure.’4 Because we studied adsorbed water, which does not similarly freely
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exchange between the liquid and gaseous phases under a lower pressure, we assume
that the variation in the aex-w value created by the different drying pressures is < 0.018.
(b) We removed different amounts of adsorbed water with different drying intensities. If
the removed water had a different H isotope composition than the total exchangeable H
pool, then the different removed amounts could also have a small influence on our
estimate of the aex-w value of the remaining exchangeable H. The latter we have not
checked, because this would require to determine specific aex-w value for different

fractions of exchangeable H, which was beyond our time and money resources.

4.2.4 Hydrogen isotope ratio measurement

We used the H isotope ratio measurement, clay separation and steam equilibration
methods of Merseburger et al.2324 Briefly, after weighing the cooled capsules, we
measured the 62H values using an elemental analyzer-pyrolysis-isotope ratio mass
spectrometer (Flash 2000 HTC-Delta V Advantage, Thermo Fisher, Waltham, MA, USA)
in a chromium-filled Al203 reactor at 1250 °C. We corrected small memory effects with
the help of a pool-wise memory correction algorithm using one or two pools.”> For
normalization, we used VSMOW (Vienna Standard Mean Ocean Water), SLAP and [AEA-
604 in silver capsule triplicates (25 pl, USGS, Reston, VA, USA) for each measurement
sequence.

To control for instrumental drift between October 20, 2020, and May 21, 2021, we
measured in each elemental analyzer-pyrolysis-isotope ratio mass
spectrometry (EA-IRMS) sequence a polyethylene powder used as in-house standard
with a mean 62H value of -70.2 + SD 1.7%o (n=264), GISP with -189.3 + 1.1%0 (n=46)
and IAEA-CH7 with-100.6 + 1.7%o0 (n=90). The standards were not steam equilibrated.
These values were indistinguishable from the certified or recommended values. The
sample SK-Oso, for which we collected the clay fraction four times in separate runs to
generate independent replicates and which were steam-equilibrated had a 62Hx value of

-99 + SD 3%o0 and a xe of 17.8 £ 0.8% (ctex-w = 1, medium drying intensity).

4.2.5 Chemical sample properties

The C concentrations were determined using an elemental analyzer (Flash 2000
HTC, Thermo Fisher, Waltham, MA, USA and EuroVector 3000 (EuroVector, Pavia, Italy).
The pH value was measured with a glass electrode (SenTix® 81 on pH 3310, WTW,
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Weilheim, Germany) in a deionized water suspension at a soil to water ratio of 1:2.5
(v/v). The CECpot of the clay fractions was determined using the Cu(II)-
triethylentetramine method’¢77, in a phosphate buffer (pH = 7.0) and with 24 h shaking
time. To differentiate between nonswellable two-layer clay minerals and chlorite and
swellable three-layer clay minerals and illite in soil clay separates, which contain a
complex mixture of minerals not only consisting of clay minerals, we used a value of
160 mmolc kg1 below which we assumed a dominance of two-layer clay minerals and/or
chlorite and above which one of three-layer clay minerals following international soil
classification systems.”8 For pure clay minerals, the threshold value of the CECpot to
distinguish between two- and three-layer clay minerals was 400 mmolc kg-1.7% Previous
XRD measurements of a subset of our soil clay fractions confirmed that the CECpot is
suitable to approximatly assign the clay fractions of the soil samples to the dominant

clay mineral groups.2458,60

4.2.6 Data evaluation

We normalized all stable H isotope ratios to the VSMOW-SLAP scale 8%, which we
extended with IAEA-604 to 799.9%, and expressed them in %o relative to VSMOW.

We used the R statistical computing environment8182 to calculate stable H isotope
data and for statistical analysis. To determine reliable §2Hx values, we removed samples
that came into contact with atmospheric humidity after the equilibration. We detected
such samples by (a) visual inspection for holes and (b) the absence of an Ar peak after
the Hz peak in the elemental analyzer chromatogram. Steam equilibrations of the same
sample with isotopically different waters need to result in the same contribution of
exchangeable H to the total H concentration (same xe). Moreover, (c) we removed
individual H isotope measurements in which both the H concentration and the residual
of the equilibrium line were 0.5 times outside the interquartile range of all other
equilibrations of the same sample as outliers. This quality check was performed
individually for all capsules subjected to steam equilibration by performing steps (b)
and (c) simultaneously in an automated script. We regressed the measured 62H: values
on the known isotopic H composition of the equilibration waters (62Hw) and used Eq. 4.1
to determine 62Hn values and the contribution of exchangeable to the total H
concentration (xe).8-10131619.26 The intercept (b) of the regression line is a function of e,

6*Hn and dex-w. The slope (m) is the product of xe and aex-w. For §?Hw = 0, Equation 4.1 can
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be solved for 62Hn using each individual regression line (i) originating from a specific

drying procedure (Eq. 4.2):

Oex—w Di —1000 m; (Aex—w - 1)

8%H,; = (Eq. 4.2)

Aex—w—M;

By drying the samples after equilibration differently, the slope (mi) and intercept
(bi) of the equilibration line can be manipulated because xe is varied and as a
consequence also the 62H¢values. Assuming that aex-w and §*Hn values of the different

drying procedures are the same and solving Eq. 4.2 for aex-w yields Eq. 4.3:

a _ bl my - bz mq + 1000 (mz - ml)
ex—w b1 - b2 + 1000 (mz - ml)

(Eq. 4.3)

For confirmation, we calculated aex-w using two other methods with the identical
result (Supporting Information Text S1). We estimated the standard error of dex-w by
applying Gaussian error propagation (Supporting Information Text S2). A larger
difference between the slopes and a smaller scatter around the equilibration lines
resulted in a smaller propagated error. We accepted only aex-w values with a propagated
SD < 0.2. Moreover, we used pairs of equilibration lines only if the stronger drying
resulted in a steeper slope than the weaker drying. Including the medium-drying
equilibration line taken from Merseburger et al.23.24, when available, yielded a maximum
of three possible equilibration line pairs, and thus three opportunities for deriving ctex-w.
We then calculated the arithmetic mean and standard error as a measure of the
precision of the estimate of the mean of the aex-w values from different combinations of
equilibration line pairs.

For the sampling locations of the topsoil clay fractions we considered mean annual
precipitation and temperature using the Worldclim data set (version 2) for the years
1970-2000 83 with derived evapotranspiration and aridity index?+. Annual mean 6%H
values of precipitation (6°Hp) were computed using the Online Isotopes in Precipitation

Calculator.8586

4.3 Results and Discussion

4.3.1 Determination of sample-specific aex-w value

In line with the sufficiently different slopes of the regression lines, there was a
significant difference between the contributions of exchangeable H to total H (xe) in the

minerals and clay fractions after weaker and stronger drying (paired t-tests, mean
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difference 11.2%, p < 0.001), ranging from 1% to 24% (Table 4.1). Thus, the different
drying procedures allowed for the calculation of a sample-specific aex-w value.

We were able to determine the aex-w value for 7 of 10 clay minerals, 19 of 22
topsoil clay fractions, and all 3 other materials (two different types of mica and cellulose,
Table 4.1). The missing data are attributable to the fact that the slopes of the regression
lines of the §2H: values of the sample on the 62Hw values after the different drying
procedures were not sufficiently different to reliably determine the intersection point of
the two regression lines in all three considered pairs (weaker-medium, weaker-
stronger, and medium-stronger drying). The overall mean aex-w value was 1.080 *
standard error (SE) 0.015 (n=29) and thus identical with the aex-w value frequently
chosen in the literature for bulk soil and organic matter.8 Thus, an aex-w value of 1.080 is
a suitable estimate for soil minerals.

For USGS57 biotite, only the slopes of the regression lines of the §2H: values of the
sample on the §?Hw values between weaker drying and medium-stronger drying were
sufficiently different, whereas medium and stronger drying resulted in indistinguishable
slopes, leaving two of three possible combinations of regression lines for deriving aex-w
(Figure 4.2A; Table 4.1). For untreated kaolinite, that is kaolinite not subjected to clay
separation, the regression lines of the three different drying procedures were almost
identical, preventing the calculation of an aex-w value of this nonswellable two-layer clay
mineral (Figure 4.2B). Kaolinite showed a contribution of exchangeable to total H of 7 +
SD 1 % and USGS58 muscovite of 1.1 + 0.6 %, (for medium drying). In contrast to
kaolinite, the aex-w determination of the muscovite was possible, because the
exchangeable H pool responded to the different drying intensities. This indicated that
the exchangeable H pool of the muscovite contained more adsorbed water, whereas that
of the kaolinite contained more hydroxyl-H. The swellable two-layer clay minerals, SCa-
3 montmorillonite (Figure 4.2C) and trioctahedral vermiculite (Supporting Information
Table 4.51) strongly responded to the different drying procedures. However, the
regression line of the treated trioctahedral vermiculite showed a low coefficient of
determination, because of a large scatter around the regression lines (Supporting
Information Table 4.51), so that the SD of aex-w was with 0.224 above our proposed
threshold for acceptable precision. Consequently, we could not determine a reliable atex-w

value for treated trioctahedral vermiculite.
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The two regression lines after weaker and stronger drying for commercially
available cellulose were sufficiently different to determine the aex-w value at 1.175
(Figure 4.2D). This is higher than the aex-w value of 1.08 determined at 114 °C reported
by Schimmelmann® and of 1.082 determined at 105 °C reported by Filot et al.16 who
found a variation of the aex-w value for cellulose extracted from different years of tree
rings from 1.063 to 1.112. However, our oex-w value for cellulose is lower than the
reported dex-w values of 1.213-1.243 determined at 0 and 92 °C for cellulose extracted
from different tree species.17-1° The differences in the aex-w values cannot be explained
by the different equilibration temperatures, because there is no obvious relationship
between temperature and the aex-w value. We therefore speculate that the different
reported aex-w values of cellulose are related with its crystallinity and thus represent a
natural variation. While in the microcrystalline cellulose, which we studied, steam might
reach all hydroxyl-H, this is possibly not the case in more crystalline cellulose, where

some hydroxyl-H is shielded from the access of steam.11.18
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Figure 4.2: Regression lines of the total 5?H values of the mineral samples and clay fraction
(6?Ht) on the 62H values of different equilibration waters (82Hw) of selected samples after

“u_n

weaker (“w”), medium (“m”) and stronger (

s”) drying. “AR” denotes soil clay fractions

from Argentina (Table 4.1). “Untreated” and “treated” indicate samples not subjected and
subjected to clay separation (Section 2.2), respectively. For C, SCa-3 montmorillonite and
D, microcrystalline cellulose, no medium drying intensity was realized. Each point origi-
nates from an independent equilibration run, measured in a separate EA-IRMS sequence.
Error bars show standard deviations (n=1-3) and might be smaller than the symbol size.
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Table 4.1: Results of steam equilibration with weaker (“w”), medium (“m”) and stronger

(

“_

s”) drying intensities (see Figure 1) including the equilibrium fractionation factor be-

tween the exchangeable H pool of the sample and the H of the steam (aex-w), the contribu-
tion of exchangeable H to total H (x.) after weaker and stronger drying, the §°Hn values
calculated using sample-specific oex-w value and for oex-w = 1 and the potential cation-ex-

change capacity (CECpot).

§ Sample (reference) Treat- Et(il(l)lrilhlti)rzz_ Ao’ Xeweaker” Heswongr” 87’ AL B ]
[ ment pairs [%)] [%o] mmolc kg1
M2 illite treated ws 1.079 13 8 -141 n.d. n.d.
untreated wm, ws 1.134+£0.005 212 14+1 -158+4 -138+4 89
§ SCa-3 mont-mo-  treated ws 1.140 38 22 -160 n.d. n.d.
E rillonite $ untreated wm,ws,ms 1.084+0.015 75+5 54+4 -202%15 -98+17 1113
_5‘ SWy-3 mont-mo-  treated ws 1.122 16 10 -150 n.d. n.d.
rillonite ¢ untreated  wm,ws  1.071+0.032 31+3 22%2 -150%7 -133%7 743
zglr‘r’rfltsi‘ﬁirji untreated  ws,ms  1.090+0.039 71+6 543 -225%13 -95%13 nd.
USGS57 biotite 54 wm,ws  0965+0019 7+1  4%1  -94%1 -95%1 n.d.
: lcvglirli’(fsrg’“a“i“e untreated WS 1175 25 21 51 n.d. n.d.
) gftgﬁfff muscos wm 0871 3 2 29 -31x1 nd.
AR-2A 10 ws,ms  1.129+0.030 45+3 31+3 -162+9 -91+10 261
AR-4A 10 wm,ws,ms 1.060+0.027 57+4 40+3 -158+8 -108+8 199
AR-5C 10 ws,ms  1.099+0.077 41+4 31+3 -168+8 -118%5 217
AR-10A 10 wm,ws,ms 1100%0.006 49+3 28%2 -157+2 -106%2 531
AR-14A 10 wm,ws,ms 1.070+0.019 53+4 30%4 -156%8 -118+8 248
AR-16A 10 wm,ws,ms 1.087+0.046 515 33%5 -176+7 -129%5 497
AR-17A 10 wm,ws,ms 1.091+0042 49+4 32%3 -180%9 -129+8 664
§ AR-19A 10 wm,ws,ms 1.080%0.000 45+2 26%3 -168+2 -132%2 640
5
£ AR-20C wm,ws,ms 1.080%0052 54+6 36+4 -191+10 -132%5 423
T DE-KA1% wm,ws  1.129%0023 372 28%2 -146%6 -94%7 296
% EC-BOM 5535658 treated wm 1.114 31 30 -101 -61+2 127
é EC-SF1 555758 wm 0.979 19 16 -67 71%2 143
KE-44 5 ws 1.216 41 32 -168 56+ 2 344
PA-A9 661 wm,ws  1150%0035 35+2 22%2 -129%#5 -85%5 872
RU-17 6263 wm,ws 10940011 39+3 26+2 -138+6 -101%6 241
RU-PS2 64 ws,ms  0.885+0.105 26+5 20+4 -140+8 -167*1 240
RU-$20 6263 wm,ws,ms 1.007+0.036 40+3 26+2 -139+4 -136%2 114
SK-0s0 6566 wm,ws,ms 1.024+0024 21+1 16+1 -105%#3 -993t 121
UZ-K1 o768 wm,ws  1205+0011 26+1 172 -148%+6 -102%6 311

Notes: The §*Hy values for dex-w = 1 and the CECpor were taken from previous studies.?324 “Untreated” and “treated” indi-
cate samples not subjected and subjected to clay separation, including removal of Fe oxides and carbonates, reduction in
SOM and dispersion of the remaining material. Abbreviations: n.d. - not determined; SOM - soil organic matter.

#Mean * standard error calculated from aex-w determinations with the help of two or three pairs of regression lines of
the 82H value of the sample on the §2H value of the waters used for steam equilibration.
* With standard deviation, derived by Gaussian error propagation (see Supporting Information Text S2)

# The result of the treated trioctahedral vermiculite showed an inacceptable standard deviation above 0.2 and was

therefore omitted.

t Mean and standard deviation of §2Hn from four independent measurements.
§ Reference is given in the text section 2.1.
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For both micas (USGS57 biotite and USGS58 muscovite54) we found, as the only samples,
Oex-w Values < 1 (Table 4.1). We speculated that this might be attributable to the particu-
larly low isoelectric point of pH < 2, which is lower than that of many clay minerals, indi-
cating that hydroxyl groups at the mineral edges do not strongly bind protons, which
commonly favors the binding of the light H isotope.87:88

For most topsoil clay fractions, our different drying procedures resulted in sufficiently
different slopes of the regression lines as illustrated for two soil clay fractions from Ar-
gentina in Figure 4.2E and 2F. For 19 soil clay samples, the mean aex-w value was 1.084 *
SE 0.017 (Table 4.1), which was significantly greater than 1.00 (t-test, p < 0.001) and
thus indicated that there was indeed an equilibrium fractionation between steam-H and
the exchangeable H pool. The three topsoil clay fractions for which we could not success-
fully determine aex-w values originated from Thailand and Kenya. The Kenyan samples
had high concentrations of dithionite-soluble Fe ranging from 56 to 75 mg g-1. This could
be problematic, because octahedral Fe was reported to influence the H isotope fractiona-
tion between clay minerals and ambient water at the time of mineral precipitation (i.e.,
the omin-water value)33-35 and by inference might also influence the aex-w value. However,
this high Fe concentration did not prevent us from determining a meaningful aex-w value
for the clay fraction of sample KE-44 (Table 4.1). Moreover, these tropical soil samples
possibly contained some kaolinite, for which our approach did not work (Figure 4.2B).
We attribute this to a small exchangeable H pool not responsive to the selected drying
conditions in kaolinite and strongly weathered tropical soil samples.

Overall, we found systematic differences in the aex-w values of well-defined
materials with the micas showing the lowest, the three-layer clay minerals intermediate,
and cellulose the highest values (Table 4.1), revealing that these minerals provided
different bonding environments for exchangeable H. Because in equilibrium
fractionation, the heavy isotopes tend to accumulate in the stronger bonds, a higher dex-w
value reflects a stronger bonding environment for H.87 The aex-w values of our topsoil
clay fractions almost spanned the whole range of aex-w values of the well-defined
materials reflecting the heterogeneous mineral composition of these samples (Table

4.1).
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4.3.2 Influence of the clay separation on the aex-w values of clay

minerals

The differences in the aex-w values of the three clay minerals provided by the Clay
Mineral Society (IMt-2 illite: 0.055, SCa-3 montmorillonite: -0.056, and SWy-3
montmorillonite: -0.051) between samples not subjected to clay separation
(“untreated”) and samples subjected to clay separation (“treated”) were consistently
smaller than the propagated SD of each treated sample (0.099, 0.089 and 0.172,
respectively; Table 4.1; Supporting Information Section 4.6.2). Additionally, a t-test for
the three pairs of treated and untreated aex-w values did not indicate a significant
difference (p = 0.68). Thus, the clay separation procedure did not change the properties
of the studied clay minerals in a way that significantly influenced their oex-w values.

For some of the swellable three-layer clay minerals such as trioctahedral
vermiculite and SCa-3 montmorillonite, the error of the aex-w value determination using
our approach was comparatively high and for the treated trioctahedral vermiculite even
above the acceptable SD of 0.2 (Table 4.1 We attribute this to an insufficient control of
the final vacuum for weaker drying conditions and still slight remoistening after steam
equilibration and drying, because of the particularly high hygroscopicity of these
minerals, which should be further reduced in future studies (Supporting Information
Text 3). We quantified the influence of remoistening in the time interval between
opening the vacuum vessel in a dried Ar atmosphere and gas-tight sealing of the last
capsules using SCa-3-montmorillonite, our most hygroscopic sample (Table 4.1), in each
steam equilibration run. The difference in the §°H values of SCa-3 montmorillonite
between the first and the last capsules averaged 2.2 + SD 2.0%o. Because of a
consistently much flatter slope of the regression lines of the §2Ht values of the sample on
the 62Hw values, we assume this small influence to be negligible for the less hygroscopic
soil clay fractions (Supporting Information Table 4.S1).

For the soil clay fractions, we cannot test the influence of the clay separation as for
pure minerals, because the soil clay fractions exist only after this treatment. However,
from the lack of an influence of clay separation on the aex-w values of several common
minerals in soils, we infer that the clay separation did not affect the aex-w values of the

soil clay fractions.
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4.3.3 Influence of the CECyot and the 6%H value of local precipitation on

the aex-w values of soil clay fractions

The aex-w values of the group of soil clay fractions with a CECpot < 160 mmolc kg1,
which was presumably dominated by nonswellable clay minerals with a low surface
charge, including two-layer minerals and pedogenic chlorite’8 are indicative of a strong
weathering environment.2%32 The group of soil clay fractions with a CECpot < 160 mmolc
kg-1was unrelated with the mean annual 62H value of local precipitation (62Hp), which
we used as a proxy of the climatic influence at the various latitudinal and elevational
locations with decreasing §2Hp values from the equator to the pole and from sea level to
mountain tops (Figure 4.3). We attribute this to the small number of four samples, the
small variation in 6Hp values and the comparatively large error of the oex-w values
because of the small xe values of these samples.

The aex-w values of the group of soil clay fractions with a CECpot of 160-400 mmolc¢
kg1 presumably containing a mixture of different clay minerals with a higher surface
charge, including nonswellable three-layer minerals such as illites and swellable three-
layer minerals such as smectites and vermiculite, correlated significantly with the §*°H,
values. This might reflect an increasing contribution of three-layer clay minerals with
increasing latitude and climatically determined decreasing weathering intensity. This is
corroborated by the increasing xe values with increasing latitude in this group of soil
clay fractions (Table 4.1), because it is known that the e values decrease in the order,
swellable three-layer clay minerals > nonswellable three-layer clay minerals (illite) >
two-layer clay minerals > mica.23.24

The aex-w values of the group of soil clay fractions with a CECpot > 400 mmolc kg1,
presumably dominated by swellable three-layer clay minerals correlated with the 62Hp
values, but the slope was flatter than that for the group of soil clay fractions with a
CECpot of 160-400 mmolc kg! (Figure 4.3). We attribute this finding to the fact that the
group of soil clay fractions with a CECpot > 400 mmolc kg1 contained a less
heterogeneous mixture of minerals, possibly dominated by a single three-layer clay

mineral.
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Figure 4.3: Relationship between the 5°H values of mean annual local precipitation

(6%Hp, annual; taken from Bowen®5) and the specific aex-wvalues of the soil clay fractions. The
soil clay fractions are grouped based on the potential cation-exchange capacity (CECpot)
into samples with a CECpot < 160 mmolc kg1 presumably dominated by nonswellabe clay
minerals such as kaolinite and pedogenic chlorite and a CECpot >160 to <400 mmol. kg1
presumably containing a mixture of different swellable and nonswellable clay minerals
such as illite, smectites and vermiculite, and >400 mmol. kg presumably dominated by
swellable three-layer clay minerals such as smectites and vermiculite. To illustrate the var-
iation in CECpot values within these groups, we furthermore color-coded the CECpot. The
horizontal error bars indicate the 68% confidence interval and might be smaller than the
symbol size. The vertical error bars indicate the standard error (n=2-3), if available.

Our findings are in line with the fact that the hot-humid inner tropical zone at low
latitude (and 6*Hp values near 0) tends to be dominated by two-layer clay minerals,
whereas the temperate zone at intermediate latitude and 6*Hp values show a prevalence
of three-layer clay minerals.2931.32 The climatic influence on the aex-w values is
corroborated by the finding that the aex-w values correlated significantly with the clay
content of the bulk soil and the mean annual temperature (Figure 4.4). Intensely
weathered tropical soils frequently show higher clay content and a higher mean annual

temperature than soils at higher latitude.
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Our finding has implications for the interpretation of earlier observations of

correlations between 6%H values of local precipitation and §2H values of clay minerals,

soil clay fractions and bulk soils, if the 62H values were determined by steam

equilibration such as in Merseburger et al.23 and Ruppenthal et al.81027 The relationship

between §2H values of local precipitation and 62Hn values of clay minerals of the soil clay

fraction or bulk soil can, in these cases, be influenced by the varying aex-w values of the

clay mineral mixture in different soils.

(A)
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p = 0.001
L ] ]
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Figure 4.4: Relationship between A, the clay content of bulk soil samples and B, the mean
annual temperature at the sampling location and the aex-w values of the soil clay fractions.

4.4 Conclusions

Steam equilibration with at least two distinctly different drying conditions can be

successfully used to determine the equilibrium fractionation factor between the

exchangeable H pool of the clay minerals and soil clay fractions and the H of the steam

(aex-w), although partly only with a considerable error. This error, however, includes

both the determination error and the heterogeneity in mineralogical composition

between aliquots of the same sample and thus also reflects a natural variation. The

determined aex-w values were similar to the widely assumed values of 1.00-1.08 in the
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literature supporting that the adoption of one of these values in steam equilibration
approaches is appropriate. For soil clay fractions and soil clay minerals 1.080 is a
suitable average estimate of aex-w. However, the previously reported correlations
between §2H values of local precipitation and 6%Hx values of clay minerals, soil clay
fractions and bulk soils can be influenced by the mineral-specific aex-w values, if steam
equilibration is used to determine the 62Hn values.

We did not detect a significant effect of the classical clay separation treatment,
including removal of Fe oxides and carbonates, reduction in SOM and dispersion of the
remaining material, on the aex-w values of clay minerals.

We found that the aex-w values of topsoil clay fractions are influenced by their
mineralogical composition as assessed via their CEC and latitudinal and elevational
locations. The samples with a low CEC tended to show a lower mean aex-w value than
those with a high CEC. However, the number of samples with a low CEC was small, so

further work is necessary to substantiate this conclusion.
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4.6 Supporting information

4.6.1 Text S1: Alternative calculations

In Eq. 4.S1 aex-w was derived in the same way as with Eq. 4.3 but for

unstandardized dimensionless isotope ratios (R).

Coxyy = bram; ~bro 4 (Eq. 4.51)
br1 —bgro

m1 and m2 are the slopes of the two regression lines of the 62H values of the
samples on the 62H values of the used equilibration waters originating from two
different drying procedures (Figure 4.1). br1 and brz are the corresponding intercepts of
the two equilibration lines. Another way to derive aex-w uses the algebraically calculated
intersection point Z as proposed by Schimmelmann® but instead of the approximate

equation for §2Hy, we used our Eq. 4.1, which resulted in Eq. 4.52.

o _ y+1000
eX=W ™ x+1000

(Eq. 4.52)

where y is the §?H¢ value of the intersection Z(x,y) of the two regression lines and x
is the 8°Hw value of Z(x,y). We used both alternative calculations as controls of the

results obtained with Eq. 4.3 and arrived at the same results.

4.6.2 Text S2: Error propagation

Using Gaussian error propagation for Eq. 4.3, we estimated the standard deviation
(SD) of the §%Hx values with Eq. 4.S3, neglecting covariance of slope (m) and intercept
(b). This equation is only valid for delta values in %o. Note, that SD equals the standard
error of slope and intercept multiplied by square root of the number of included §H:

values.

2 2
ty. - SD + t,. - SD +
SDe,_. = (parts, -5Dy,) ) (party, -5y, j (Eq. 4.53)
(partm, - SDm,)” + (party, - SDy,,)

“parti” are the partial first derivative of Eq. 4.3 (Eq. 4.S4a-d).

party,, = (1000013 b1 70, )2 (Eq. 4.54a)

party, = (10000m, —m) b1 —by)? (Eq. 4.54b)
2, b

part, = 1000m,2+(=1000m —by—1000)m, + (b, +1000)m; (Eq. 4.54¢)

(b1+1000(m2—m1)—b2)2
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_ (1000m1—b1—1000)(’m2 —ml)
(b2 +1000(m,—my)—b4)?

part, = Eq. 4.54d
2

Using Gaussian error propagation for Eq. 4.2 (without index), we estimated the standard
deviation (SD) of the §*°Hn values with Eq. 4.S5, neglecting covariance of slope (m) and

intercept (b), which is only valid for delta values in %o.

m-—0Oex—w (m—aex—w)? (dex—w—m)?

(Eq. 4.55)
The SD of xe was estimated by Gaussian error propagation as done by Ruppenthal et al.?

(Eq. 4.56).

SD,, = J( ! -SDm)2+ (= Z.SD%X_W)2 (Eq. 4.56)

Aox—w Aex—w
We estimated the SD of xe only in cases for which a SD of the corresponding aex-w value
could be calculated (Table 4.1), because otherwise m and aex-w would be statistically re-

lated.

4.6.3 Text S3: Recommendations for the application of steam

equilibration to swellable clay minerals

To cope with samples in which the majority of H is exchangeable, such as the
swellable three-layer clay minerals we propose three changes of the steam equilibration

apparatus?? for further technical improvements concerning precision and repeatability:

e A capsule press inside the vacuum vessel can overcome the need for the
error-prone handling of the individually modified capsule pressing pliers
in the glove bag. A capsules press could be made of embedded stainless
steel perforated plates, which are moved against each other with a screw.
The displacement closes the rectangular holes under which there is, for
example, an 80-hole PTFE capsule holder, with the tin or silver capsules
being pressed directly at post-equilibration drying temperature. The
screw can be driven by a mechanical feed-through from outside the
vacuum chamber with a torque wrench or similar.

e A pressure regulator for the diaphragm pump with weaker ultimate
vacuum (or alternatively a single vapor-resistant, oil-free pump with
higher ultimate vacuum) could narrow the allowable pressure range for

drying after equilibration and improve repeatability. Additionally, the
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differences between the slopes of the equilibration lines at weaker and
stronger drying could be further increased.

Larger tubing diameter for a more efficient moisture removal. Instead of
Swagelok-Quick-Connectors with a convoluted tubing with a large inner
surface, standard solid stainless- steel tubing, e.g., KF16 or with larger

diameter can connect the vacuum vessel inside the oven.
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Appendix

The appendix is attached as Secure Digital Memory Card containing the following

files as Office Open XML (*.xlsx) and Textfile (*.txt):

Content (Content.txt)
All tables of this dissertation (tables_of_dissertation.xlsx)

All IRMS measurement sequence results in evaluated form (including qual-
ity controls, memory corrections, and normalization) as used in this disser-

tation (used_evaluated_IRMS_sequences.xlsx)

Summary of §°H long term quality evaluation of two international reference

materials and one in-house standard (summary_long_term_quality.xlsx)

Functions for various hydrogen isotope calculations as implemented in R

(essential_R_functions.R.txt)

Calculations to estimate the isotopic shift of §2Hx of clay fractions caused by
the H of residual SOM for the samples DE-KA1, DE-KA2 and SK-Oso

(Estimation_of_isotopic_influence_from_H_of SOM.xlsx)

Climate data for all sampling locations, including temperature, precipita-
tion, solar radation, evapotranspiration, aridity and 8§?H of precipitation

(climate_data.xlsx)

Collected measurement results of all topsoil samples, including 8°H analysis
of clay fractions, CEC determination and elemental concentrations

(gathered_data_of_topsoil_samples.xlsx)
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